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ABSTRACT
A s tudy  i s  p re sen te d  of  the  e f f e c t s  o f  h e a t - t r e a tm e n t  and 
g a s i f i c a t i o n  in CÔ  upon the m ic ro s t ru c tu re  o f  a c e l l u l o s e  carbon.  
Techniques used in c lu d e ,  adso rp t ion  o f  CÔ  a t  295 K, wide and small 
angle  x - r ay  s c a t t e r i n g ,  high r e s o lu t io n  e l e c t r o n  microscopy and 
q u a n t i t a t i v e  measurement o f  the  hydrogen evolved on h e a t - t r e a t m e n t  
to 1870 K.
From primary c a r b o n i s a t i o n  tempera tures  to  about  1470 K the 
p r in c ip a l  e f f e c t s  a re  due to loss  of  h e te r o -e lem e n t s ,  which cause 
the  open micropore  volume to  in c re a s e .  The pores in  such carbons 
are  i d e n t i f i e d  as gaps between, and w i th in ,  small a romatic  
g roupings .  The ev o lu t io n  of  re s idua l  hydrogen al lows th e se  groups 
to  co a le sce  and form l a y e r - p l a n e s ,  which s tack  to g e th e r  to  form 
d i f f r a c t i n g  c r y s t a l l i t e s .  The process o f  s ta c k in g  re - a r r a n g e s  the  
micropore volume to  become i n c r e a s in g ly  a s s o c i a t e d  with  the  spaces 
between o rdered  l a y e r - p l a n e  s t a c k s .  This r e s u l t s  in  c lo su r e  o f  
c lo se ly - s p a c e d  p a r a l l e l  p lanes  and reduced access  f o r  molecules 
to  the  micropore volume -  causing a dramatic  loss  in  open micro­
p o r o s i ty  a t  about 1670 K. The dimensions of  the  r e t a i n e d  micro­
p o r o s i t y  in c re a s e  con t inuous ly  to  3000 K.
The e f f e c t s  o f  g a s i f i c a t i o n  are  l a r g e l y  governed by a c c e s s i b i l i t y  
of  o x id an t  to  the  i n t e r n a l  s t r u c t u r e ,  with the i n t e r n a l  o rd e r in g  
of  l a y e r - p l a n e s  being of  secondary importance.  This r e s u l t s  in  low 
degrees  o f  g a s i f i c a t i o n  having l i t t l e  e f f e c t  on f in e  mic ropores ,  being 
r e s t r i c t e d  to bu rn -ou t  of  wide micropores to  form mesopores.
The presence  o f  mesopores allows the  l a t t e r  s tag es  o f  g a s i f i c a t i o n
to  occur w i th in  the  s t r u c t u r e .  Pore en t rances  which have c lo se d ,  
or  are  prone to  c l o s u r e ,  are  s u f f i c i e n t l y  i n a c c e s s i b l e  as to  be 
u n a f fe c t ed  by moderate g a s i f i c a t i o n  ( l e s s  than 50% burn o f f ) .  The 
development o f  mesopores i s  l a r g e ly  governed by i n i t i a l  
a c c e s s i b i l i t y  of o x id a n t ,  which i s  in tu rn  governed by h e a t - t r e a tm e n t  
t em pe ra tu re .  Unlike mic ropores ,  mesopores a re  u n a f fec ted  by h e a t -  
t r e a tm e n t  to  1470 K, and probably beyond.
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The a d so rp t iv e  p r o p e r t i e s  of cha rcoa ls  and a c t i v e  carbons have 
been known s ince  the e a r l y  19th cen tu ry ^ ,  y e t  they continue  to 
f i n d  in c re a s in g  a p p l i c a t i o n  in i n d u s t r i a l  and everyday l i f e .  This 
i s  p a r t l y  because o f  t h e i r  many advantages over r i v a l s ,  such as 
ease  o f  manufacture from a v a r i e t y  o f  source  m a t e r i a l s ,  s t a b i l i t y  
to  tempera ture  and chemicals (excep t  o x idan ts )  and, being 
com bust ib le ,  t h e i r  d isposa l  i s  r e l a t i v e l y  p o l l u t i o n  f r e e .
However, such carbons s t i l l  p re s e n t  c o n s id e ra b le  p o t e n t i a l  f o r  
f u r t h e r  development, with  carbon molecula r  s ieves  having only
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ob ta ined  l im i t e d  success  ’ . In o rd e r  to " t a i l o r "  the 
a d so r p t iv e  p r o p e r t i e s  o f  carbons ,  a deeper unders tanding  of  the  
m ic ro s t ru c tu re  and combined e f f e c t s  o f  a c t i v a t i o n  and h e a t -  
t r e a tm e n t  are  r e q u i r e d .  In a d d i t i o n ,  an upper tempera ture  
l i m i t  o f  -"1500 K, f o r  p rocess ing  or  use ,  i s  imposed by the  
appearance of  a rap id  lo s s  in su r f a c e  a rea  a c c e s s ib l e  to  gas 
molecules^ An i n s i g h t  in to  t h i s  e f f e c t  could  r e s u l t  in  
g r a p h i t i z e d  carbons o f  high s u r fa ce  a r e a .  One can only s p e c u la te  
on the  p o te n t i a l  f o r  these  -  fue l  c e l l  e l e c t r o d e s ,  c a t a l y s t  
supports  f o r  high temperature  r e a c t io n s  and blood d i a l y s i s  
f i l t e r s ,  to  name a few.
I t  i s  the  aim o f  t h i s  t h e s i s  to p re sen t  a c l e a r e r  unders tand ing  
o f  the  lo s s  of  a c c e s s ib l e  s u r f a c e  a rea  a t  ~1500 K and to  
i n t e g r a t e  t h i s  in to  the s t r u c t u r a l  ev o lu t io n  of  n o n -g r ap h i t i z in g
carbons from 770 ~  3000 K. C e l lu lo se  was chosen f o r  carbon 
p re p a r a t io n  s ince  i t  i s  f a i r l y  pure and produces rep roduc ib le  
carbon, f r e e  from unknown manufactur ing p rocesses .  A small 
amount o f  work was a l so  c a r r i e d  ou t  on a commercial g la ssy  
carbon (SIGRI) and c e l l u l o s e  t r i a c e t a t e  carbon.  A number o f  
complementary techn iques  were used s in ce  none are  u n i v e r s a l l y  
a p p l i c a b l e  o r  unequivocal in  i n t e r p r e t a t i o n .
Format of  Thes is 
Chapter 2. The S t r u c t u r e  o f  Carbon
To c o r r e c t l y  i n t e r p r e t  the  r e s u l t s  of  t h i s  s tudy one must have 
a r e a l i s t i c  model f o r  the  carbon s t r u c t u r e .  Over the y e a r s ,  
somewhat d iv e r g e n t  views have a r i s e n  on t h i s  s u b j e c t ,  so i t  
was f e l t  a p p r o p r i a t e ,  and n e ce s sa ry ,  to  review the l i t e r a t u r e  
on s t r u c t u r e ,  in the  l i g h t  o f  r e c e n t  developments.
Chapter 3. P re l im inary  Macroscopic Study 
This s tudy  involved the use o f  scanning e l e c t r o n  microscopy 
(SEM), mercury poros im etry  and bulk shr inkage  to  i d e n t i f y  any 
e f f e c t s  due to  s i n t e r i n g  o r  pore e l i m i n a t i o n .
Chapter 4. Adsorption -  Theory and Experimental 
Since a major p a r t  o f  t h i s  work uses a d so r p t io n ,  an i n t r o d u c t io n  
to the  p e r t i n e n t  theory  i s  g iven ,  to g e th e r  with d e t a i l s  o f  e x p e r i ­
mental appara tus  and techn ique .
Chapter 5. X-ray S tud ies  -  Theory and Experimental
The o th e r  major techniques  used were wide angle x -ray  d i f f r a c t i o n
(XRD) and small angle x - r ay  s c a t t e r i n g  (SAXS). A " readers
- 2 -
d ig e s t "  of  r e l e v a n t  theo ry  i s  given f o r  both t e chn iques ,  
t o g e th e r  with exper imental  d e t a i l s .
Chapter 6 . E l im ina t ion  of  Heteroelements
Many of  the  s t r u c t u r a l  changes occu r r ing  a t  low HIT are  due to  
continued secondary c a r b o n i s a t i o n .  A s tudy was made of 
he te roe lem ent  expu ls ion  to  s e p a r a t e  th e se  e f f e c t s .  The 
techn iques  comprised o f  u l t im a te  a n a l y s i s  (CHO) and mass 
sp ec t ro sc o p ic  measurement o f  hydrogen e v o lu t io n  on h e a t - t r e a t m e n t .
Chapter 7. The E f fe c t s  o f  H e a t - t r e a tm e n t  
Carbons were h e a t - t r e a t e d  by two methods -  Isochronal ( f i x e d  
t im e, v a r i a b l e  tempera ture)  and Isothermal ( v a r i a b l e  t ime, 
f ix e d  tem p e ra tu re ) .  The changes induced were examined by XRD, 
SAXS, ad so rp t io n  and high r e s o l u t i o n  e l e c t r o n  microscopy (HREM). 
The r e s u l t s  a re  p resen ted  with  a b r i e f  d i s c u s s io n .
Chapter 8 . The E f fe c t s  o f  A c t iv a t io n  and Subsequent 
Heat-Treatment
A c t iv a t io n  ( p a r t i a l  g a s i f i c a t i o n )  i s  a common technique f o r  
modifying a c a r b o n 's  porous s t r u c t u r e .  The f i r s t  s e c t i o n  of 
t h i s  c h ap te r  deals  with the  e f f e c t  o f  a c t i v a t i o n  on s t r u c t u r e -  
drawing on x - r a y ,  a d s o r p t io n ,  HREM and SEM techn iques .  The 
second s e c t io n  i s  an a d so rp t io n  and SAXS study of the  e f f e c t s  
caused by h e a t - t r e a t i n g  ( to  1470 K) carbons of  varying a c t i v a t i o n s  
The Chapter concludes  with a summary and d i s cu s s io n  of  
a c t i v a t i o n .
Chapter 9. Low Pressu re  Adsorption
The use o f  ad so rp t io n  as a s t r u c t u r a l  tool i s  l im i t ed  by the
- 3 -
assumption t h a t  a l l  e f f e c t s  are  s t r u c t u r a l  in o r i g i n .  One must 
t h e r e f o r e  be c a r e fu l  to i d e n t i f y  " n o n - s t r u c t u r a l " e f f e c t s .  I t  i s  
be l iev ed  t h a t  such e f f e c t s  can occur a t  low p r e s su re ,  hence t h i s  
p o in t  i s  am p l i f i ed  in  t h i s  Chapter .
Chapter 10. General Discussion  on the E f fe c t s  of 
Heat -Treatment
An i n t e g r a t i o n  o f  the  p rev ious  Chapters and general  d i s c u s s io n  
of  the  ev o lu t io n  and changes occu r r in g  from 770 -  3000 K 
i s  given h e re ,  to g e th e r  with sugges t ions  fo r  f u r t h e r  
i n v e s t i g a t i o n .







2 . 1 . 1 .  THE STRUCTURE OF CARBON
The c r y s t a l l i n e  forms in which carbon can e x i s t  a re  many and 
m u l t i f a r i o u s .  Reasonably well-known are  the  hexagonal and 
rhombohedral forms of  g ra p h i t e  and cubic and hexagonal forms o f  
diamond. Not so well-known are  the  r e c e n t ly  discovered "carbyne" 
forms. The c r y s t a l l i n e  forms w i l l  now be descr ibed  then a survey 
o f  the  s t r u c t u r e  o f  n o n - c r y s t a l l i n e  carbon w i l l  be given.
Hexagonal diamond ( a l s o  c a l l e d  Lonsda le i te )  i s  a w u r t z i t e  form 
which was f i r s t  no ted in m e te o r i t e  fragments and l a t e r  syn thes ized^ ^ .  
Cubic diamond i s  the  commonly-met form which comprises o f  an extended 
network o f  carbon atoms with  a t e t r a h e d r a l  arrangement o f  co va len t  
bonds, length  0.154 nm. This s t r u c t u r e  accounts f o r  diamond's 
hardness and high d e n s i ty  (3 .52 g ml ^ ).  At normal a tmospheric  p re ssu re  
and temperature  diamond i s  thermodynamically u n s tab l e ,  t rans fo rm ing  
in to  the  most s t a b l e  form of  carbon-hexagonal g r a p h i t e .  However,
12s ince  temperatures  of about  2200 K are  requ i red  f o r  the  t r an s fo rm a t io n  
to  occur  a t  a s i g n i f i c a n t  r a t e ,  diamond is  k i n e t i c a l l y  s t a b l e .
Hexagonal g r a p h i t e  i s  composed o f  extended s h e e t - l i k e  l ayer s  o f  
atoms arranged in hexagonal networks .  The s tack ing  sequence o f  the  
lay e r s  was sugges ted  as ABAB . . .  by Hull^^ and l a t e r  determined by 
Hassel and Mark^^and Bernal^^.  This s t r u c t u r e  i s  shown in f i g u r e  2.1.
An a l t e r n a t i v e  s tack ing  sequence of  ABCABC . . .  was sugges ted  by 
Debye and Scheryer The e x i s t e n c e  o f  a f r a c t i o n  o f  t h i s  s o - c a l l e d  
rhombohedral g r a p h i t e  in n a tu r a l  g r a p h i t e  was found much l a t e r ^ ^ * ^ ^ .
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Rhombohedral g r a p h i t e  can a l so  be produced by gr ind ing  n a tu ra l  
19
g rap h i te  bu t  i s  un s tab le  and r e v e r t s  to  the hexagonal form on 
hea t ing .
2 . 1 . 2 .  P a u l in g ' s  Quinoid Model
Hexagonal g ra p h i t e  i s  assumed to be completely r e s o n a t in g ,  i . e .  a l l
bonds are  o f  equal s t r e n g t h  and a rranged a t  120° to  each o th e r .
However, o b se rv a t io n s  from e l e c t r o n  ^^and x- ray  d i f f r a c t i o n  p a t t e r n s ^ l
of g rap h i te  s i n g l e  c r y s t a l s  seemed to  sugges t  an orthorhombic
77l a t t i c e .  Pauling and Lukesh exp la ined  t h i s  by p o s t u l a t i n g  a qu ino id  
s t r u c t u r e  where each carbon atom forms one bond with a la rg e  double 
bond c h a r a c t e r  and two with a l e s s e r  amount. Pauling^^ l a t e r  
suggested t h a t  s i n g l e  c r y s t a l  g r a p h i t e  e x i s t e d  in the  quinoid  form,
s ince  t h i s  ex p la ined  i t s  high basa l  plane c o m p re s s ib i l i t y  a t  low
24pressu re  —hig h e r  than t h a t  o f  diamond. He a lso  main ta ined 
t h a t  carbons with  i n t e r l a y e r  spacings  o f  0.344 nm were of the  comple te ly  
re sona t ing  ty p e ,  while  those with a spacing of  0.3354 nm were o f  qu ino id  
form. This was because the quinoid  form has a s u p e r io r  a b i l i t y  to
minimise the  i n t e r a c t i o n s  o f  e l e c t r o n  d e n s i ty  bulges o f  a d j a c e n t
25la y e r s .  Ergun claimed h is  i n t e g r a t e d  x-ray
i n t e n s i t i e s  f o r  a p y r o l y t i c  g ra p h i t e  a l so  favoured a quinoid
26s t r u c t u r e  but Donohue has po in ted  out s e r io u s  e r r o r s  in h is  
r e s u l t s .
71The basal  plane c o m p r e s s i b i l i t y  has been adequate ly  exp la ined  in 
terms of  the  hexagonal r ings  buckl ing  under p re s su re .  This buck l ing  
a lso  ex p la in s  the  high p re s su re  phase t r an s fo rm a t io n s  which occur in 
g ra p h i t e .  Other reasons  f o r  doubt ing the  quinoid  models a re  the
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lack of observed a -ax is  an iso t ropy  and lack of ( h k l ) ( i  i  o) 
d i f f r a c t i o n  l i n e s  in carbons with  = 0.344 nm. The l a t e s t  
neutron and x- ray  d i f f r a c t i o n  s t u d i e ^ ^ ' % n f i r m  the c l a s s i c a l  Bernal 
hexagonal s t r u c t u r e .
2 . 1 . 3 .  Carbyne forms
Since 1968 evidence  has been amassing to  sugges t  the e x i s t e n c e  o f  a
family o f  polymorphic carbon forms. The f i r s t  of  these  to  be
discovered  was chao i te  (o r  white  carbon) which was found in a 
on
m eteo r i te  c r a t e r  . Since g ra p h i t e  occurred n a t u r a l l y  in  t h a t  
a rea  the c h ao i t e  was b e l i e v ed  to  have been produced by the  impact 
on the g r a p h i t e .  A r e c e n t  a l t e r n a t i v e  view^l i s  t h a t  the  chao i te  
e x i s t e d  n a t u r a l l y  t h e r e .  Chaoite has been a r t i f i c a l l y  made by 
hea t ing  g r a p h i t e  under low p res su re^^ '^% nd  i s  ha rder  than B^c.
Another a l l o t r o p e .  Carbon v i ,  has been formed by r e s i s t i v e  o r  l a s e r  
heat ing  o f  g r a p h i t e .  I t s  s t r u c t u r e  i s  in te rm ed ia te  between 
Lonsda le i te  and c h ao i t e  and has been sugges ted  as a d i s t o r t e d  form 
o f  chaoite^^ .
To d a te ,W h i t t a k e r  has found evidence f o r  e ig h t  or  more forms while  
f iv e  of t h e se  have been found by Kasatochkin e t  . They were 
a l l  d i s t i n g u i s h e d  by t h e i r  a^ u n i t  c e l l  parameter and a l l  appear  t o  
have hexagonal symmetry. The c e l l  parameter c i s  only known f o r  
ch a o i t e ,  a carbyne, 3 carbyne and carbon v i ,  so p o s i t i v e  i d e n t i f i c a t i o n  
of a l l  types  i s  no t  y e t  p o s s ib l e .
The Russian workers proposed these  forms to c o n s i s t  of  ( -  c e c -)
37u n i t s ,  probably as chains , hence they were termed "carbyne"
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forms. This s t r u c t u r e  i s  supported  by the  work of Kasatochkin 
e t  and the l a s e r  Raman r e s u l t s  o f  Nakamizo and Kammereck^S .
I t  i s  b e l iev ed  t h a t  the  chains  are  s tacked  in a hexagonal a r ray  
so t h a t  a number of  p o s s ib le  v a r i e t i e s  can e x i s t  by vary ing  the  
s ta c k in g  r e l a t i v e  t o  the  t r i p l e  bond p o s i t i o n s .
Although s i m i l a r  c r y s t a l l o g r a p h i c a l l y ,  some carbyne forms are  
very s o f t  and some very hard ,which i n d i c a t e s  a wide v a r i a t i o n  of 
the degree o f  c r o s s - l i n k i n g  between chains fo r  d i f f e r e n t  forms.
Since i f  c r o s s l i n k i n g  were c a r r i e d  to  i t s  l im i t s  the  r e s u l t  would be 
d iam ond , i t  seems t h a t  the  forms may be in te rm ed ia te  in the  g r a p h i t e -  
diamond t r a n s i t i o n .  There i s  some evidence fo r  t h i s  40 ,41.
W h i t t a k e A a s  shown t h a t  g ra p h i t e  i s  uns tab le  above 2600 K a t  any
p ressu re  and sugges ts  t h a t  i t  t r an s fo rm s ,  v ia  an unzipping mechanism,
to  the  carbyne forms. He has t h e r e f o r e  proposed a new phase diagram
to  take account o f  t h i s  ( f i g u r e  2.2). Although appa ren t ly  only
s t a b l e  a t  high tem pera tu re ,  i t  appears t h a t  the  carbynes are
31metas tab le  s ince  r e c e n t  i n v e s t i g a t i o n s  have shown them to  e x i s t  
in many n a t u r a l  g ra p h i t e  fo rm at ions ,  world-wide.  Indeed,  many 
samples o f  ' g r a p h i t e '  have tu rned  out to  be s o l e l y  c o n s i s t i n g  of  
carbyne forms with no g r a p h i t e .  These samples were p re v io u s ly  thought 
to  be impure g r a p h i t e .
2.2 .1  N o n - c r y s t a l l i n e  carbon 
I n t r o d u c t i  on
The fo rego ing  s ec t io n  d e a l t  with c r y s t a l l i n e  forms of carbon but
much of  the  carbon in use today i s  not c r y s t a l l o g r a p h i c a l l y  w e l l -
developed. Q
—  o  —
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Frank l in  d iv ided  n o n - g r a p h i t i c  carbons in to  two c a t e g o r i e s  - those  
which develop ex ten s iv e  th ree -d im ens iona l  g rap h i te  on h e a t in g  to  
tem pera tures  in  excess  of  ca. 2000 K ( g r a p h i t i z i n g ,  o r  s o f t  carbons) 
and those  which only form two-dimensional g rap h i te  of  r e s t r i c t e d  
c r y s t a l l i t e  s i z e  (n o n - g r a p h i t i z i n g  or  hard carbons) .  Carbons 
f a l l i n g  i n t o  the  l a t t e r  ca tegory  are  c h a rco a l s ,  a c t i v e  carbons ,  
carbon b l a c k s ,  high or  low rank coals  (no t  the s o - c a l l e d  coking 
c o a l s ) ,  chars  and g la s sy  carbon (GO). The organic  m a t e r i a l s  which 
form these  carbons u s u a l ly  char  or  fuse  but do not form a mesophase, 
on p y r o l y s i s .
F r a n k l i n ' s  d i s c r e t e  c l a s s i f i c a t i o n  i s  now seen as an o v e r s i m p l i f i c a t i o n ,  
with many m a t e r i a l s  of in te rm e d ia te  na tu re  being o b s e r v e d ^ ^ '^ t  This 
f i n d i n g ,  however, does no t  a f f e c t  the genera l  p r i n c i p l e s  invo lved  
in dete rmin ing  whether  a carbon g r a p h i t i z e s  o r  not and so F r a n k l i n ' s  
c l a s s i f i c a t i o n  w i l l  be adhered t o ,  f o r  convenience.
N on-g rap h i t i z in g  carbons have a v a r i e t y  o f  names, some c o r r e c t l y ,  
some i n c o r r e c t l y ,  de sc r ib e  t h e i r  s t r u c t u r e .  These are  : -  
c h a r c o a l s ,  amorphous, mesomorphous, i s o t r o p i c ,  c h a r s ,
p a r a c r y s t a l l i n e ,  m i c r o c r y s t a l l i n e ,  microporous ,  h a rd ,  v i t r e o u s  and g lassy  
carbons.  To avoid  any implied  s t r u c t u r e s  o r  p ro p e r t i e s  the  term 
"hard" w i l l  be used to  de sc r ibe  n o n - g r a p h i t i z in g  carbons in  g e n e r a l .
2 . 2 . 2 .  S t r u c t u r e  o f  hard carbons
The f i r s t  s t r u c t u r a l  analyses  o f  such carbons were c a r r i e d  out on 
carbon b lack s .  Because the x - ray  p a t t e r n s  c o n s i s ted  of two o r  th r e e  
d i f f u s e  bands , which appeared s i m i l a r  to  the halos o f  a l i q u i d  p a t t e r n ,  
many workers b e l i e v ed  carbon blacks  to  be amorphous. Other w orkers ,
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noting  t h a t  th e se  l i n e s  corresponded to  the  s t r o n g e s t  l i n e s  in 
g r a p h i t e ,  concluded t h a t  carbon blacks were m i c r o c r y s t a l l i n e  
graphi t e .
45Warren used F o u r ie r  i n t e g r a l  a n a ly s i s  to  c o n s t r u c t  a d i s t r i b u t i o n  
of  atoms about any one atom. The r e s u l t a n t  r a d ia l  d i s t r i b u t i o n  
func t ion  showed carbon black  to  be composed of in d iv id u a l  g r a p h i t e  
l a y e r s ,  which were in tu rn  composed of  a hexagonal network o f  
carbon atoms. Two year s  l a t e r  Hoffman and Wilm^^ noted the 
absence o f  t h r e e  dimensional g ra p h i te  l i n e s  { ( h k l ) ,  1 / 0 } from 
the p a t t e r n  f o r  a f i n e l y  c r y s t a l l i n e  carbon. Since only (hko) 
r e f l e c t i o n s  o c cu r red ,  these  must be due to  l i n e s  o f  atoms w i th in  the  
l a y e r -p la n e s  and no t  due to  planes between the  l a y e r s .  In t h i s  case 
the M i l l e r  index l  has no meaning and is  o f ten  omit ted  - leav ing  the 
ab b rev ia ted  n o ta t i o n  (hk) f o r  such two-dimensional r e f l e c t i o n s .  Such 
carbons c an n o t ,  t h e r e f o r e ,  be composed o f  th ree -d im ens iona l  g r a p h i t e ,  
but only o f  two-dimensional lay e r s  which are  roughly p a r a l l e l  and 
e q u i - d i s t a n t ,  but not  o r i e n t e d  with r e s p e c t  to  each o th e r  in the  a axis  
d i r e c t i o n s .
Although many workers recognised  the  two dimensional n a tu re  o f  such
47carbons,  i t  remained f o r  Warren to  develop the theory  o f  d i f f r a c t i o n
by a random l a y e r  l a t t i c e .  The term ' t u r b o s t r a t i c "  (unordered l a y e r s )
48was l a t e r  coined by Biscoe and Warren to  desc r ibe  the  random
t r a n s l a t i o n ,  about the a a x i s ,  and r o t a t i o n ,  about the  c a x i s ,  of
49
l a y e r - p l a n e s .  Figure  2 .3  i l l u s t r a t e s  a t u r b o s t r a t i c  c r y s t a l l i t e  
Noteworthy in t h i s  model i s  the  presence o f  d e f e c t s ,  v a ca n c ie s ,  and 
bends w i th in  the  l a y e r - p l a n e s .
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A f t e r  s tudy ing  x - r a y  p a t t e rn s  fo r  a number o f  chars and coal cokes ,  
Riley and co-workerJ^^^^proposed two types o f  s t r u c t u r e :  e lementa ry
t u r b o s t r a t i c  c r y s t a l l i t e s  and a d iso rde red  c r o s s - l i n k e d  space l a t t i c e  
of  carbon hexagons (F ig u re 2 .4 ) .  The l a t t e r  s t r u c t u r e  can convenien t ly  
be made from a combination of  t e t rapheny lene  u n i t s ,  and i s  expected  to 
be s t a b i l i z e d  by he teroa tom s,  notab ly  oxygen which i s  common in low- 
temperature  chars.  The two s t r u c t u r e s  were not  meant to  be exc lu s iv e  
but could occur t o g e t h e r  in varying amounts depending on s t a r t i n g  
m a te r ia l  and c o n d i t io n s  o f  p re p a ra t io n .
The very thorough x - r ay  i n v e s t i g a t i o n s  o f  Frank l in  on PVDC char^Z 
a l so  showed a high f r a c t i o n  (35%) of  h ighly  d isordered  carbon and 
she e v e n tu a l ly  v i s u a l i s e d  the  s t r u c t u r e  as randomly o r i e n t e d  c r y s ­
t a l l i t e s , r i g i d l y  bound to g e th e r  by s t rong  c r o s s l i n k s ' ^  , A s o f t  
carbon has much g r e a t e r  al ignment of  c r y s t a l l i t e s  with fewer ,  or  
weaker,  c r o s s l i n k s  (Figure  2 .5 ) .
Considerable  f r a c t i o n s  o f  amorphous carbon were a l so  found in the 
analyses  o f  Hirsch ^^and Diamond ^^of  the  (hk) r e f l e c t i o n s  of  
carbonised  c o a l s .  Diamond's f ind ings  t h a t  h a l f  of the  amorphous 
carbon was a s s o c i a t e d  with  l a y e r -p la n e  edge atoms sugges ted  t h a t  such 
carbon c o n s t i t u t e d  c r o s s - l i n k s .
In view o f  the  high f r a c t i o n s  o f  amorphous carbon, Ergun and 
56Tiens LIU q u es t io n ed  the  assumption t h a t  the observed d i f f r a c t i o n  
p a t t e r n s  were e n t i r e l y  due to t r i g o n a l  atoms, s t a t i n g  t h a t  the  
d i f f r a c t i o n  p a t t e r n s  of  small groups o f  t e t r a h e d r a l  atoms coincided  
with the g r a p h i t i c  (hk) peaks.  The ir  conclusion t h a t  t e t r a h e d r a l  
atoms may e x i s t  i s ,  however, not r ig o ro u s ly  based as the
resemblance i s  only l im i t e d  to the (lO) and ( l l )  p eak s . F u r th e r  work is
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req u i red  to  j u s t i f y  t h e i r  dec is ion
2 .2 .3  S t r u c t u r e  o f  Glassy Carbon
The s t r u c t u r a l  s tudy of  hard carbons rece ived  impetus from the 
advent o f  g l a s s y  ( v i t r e o u s )  carbons^^ prepared from th e rm o se t t in g  
r e s i n s .  One o f  the  f i r s t  r a d i a l  d i s t r i b u t i o n  analyses  of  g la ssy  
carbon (GO) was c a r r i e d  out  by Noda and Inagaki . T h e i r  f in d in g s  
po in ted  to  small  two-dimensional g rap h i te  lay e r s  l inked  t o g e t h e r  by 
t e t r a h e d r a l  bonds.  The t e t r a h e d r a l  atoms do n o t  make any r e g u l a r  
arrangement wi th  themselves .  Furukawa proposed a s t r u c t u r e  con­
s i s t i n g  o f  a th ree -d im ens iona l  network of  t e t r a h e d r a l ,  p l a n a r  double,  
l i n e a r  t r i p l e  and conjugated c - c bonds, with no more than  th ree  
hexagonal r in g s  grouped to g e th e r .  Furukawa's model i s  cons ide red  
most a p p r o p r i a t e  f o r  carbons of  low h e a t - t r e a tm e n t  tempera ture  ( htt) 
i . e .  < 1000 K, where i t  i s  i d e n t i c a l  with Noda and I n a g a k i ' s  
model.
Kakinoki ' s  model o f  eq u a l ly  s i z e d  t e t r a h e d r a l  and t r i g o n a l  
r e g io n s ,  c ross  l in k e d  by oxygen,was l a t e r  d i s c r e d i t e d  as being 
based on i n c o r r e c t  oxygen a n a ly s i s
A r a t h e r  complex model based upon the e x i s t e n c e  o f  Sp3, Sp2, sp 
atoms, ( -  c E c - ) n  and (c = c =)n chains  was proposed by 
Khomenko e t  f o r  v i t r e o u s  carbons h e a t - t r e a t e d  from 1773 K to
3273 K. The 1773 K carbon was be l ieved  to  c o n s i s t  of  Sp^ and Sp^ 
atoms w h i l s t  h e a t - t r e a t m e n t  to  3273 K caused the  appearance ,  d i s ­
appearance then re -appearance  of  chain(carbyne and carbene) carbon 
The e x i s t e n c e  o f  Sp carbon a t  high temperature  was exp la ined  by
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p o s t u l a t i n g  s t ro n g  local  compressive s t r e s s e s  due to  a n i s o t r o p i c
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thermal expans ion  . I t  i s  po ss ib le  t h a t  a t  very high temperatures
some carbyne chains  may be formed (see  sec t io n  on carbyne forms)
s ince  the vapour p re s su re  of carbon becomes s i g n i f i c a n t  and carbon
64
chains are  known to  e x i s t  in the  vapour . Despite  the se  f ind ings  
the amount o f  non-Sp^ carbon is  be l iev ed  to  be sm al l .  Since 
Khomenko's work was based on x- ray  r a d i a l  d i s t r i b u t i o n  a n a l y s i s ,
i t  i s  u n f o r tu n a te  t h a t  no mention was made of the  many c o r r e c t io n s
65 66,67
which must be made , or the  e f f e c t  o f  t e rm in a t io n  e r r o r s .
A thorough r a d i a l  d i s t r i b u t i o n  a n a ly s i s  of  a 2073 K GC by Wignall 
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and Pings gave no evidence f o r  t e t r a h e d r a l  atoms with a l l  the
peaks being s a t i s f a c t o r i l y  indexed to  g r a p h i t e .  The same
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conclus ion  was reached by mi ldner  and Carpenter  using neutron 
beam s c a t t e r i n g .  This technique  i s  capable  of  h ig h e r  s p a t i a l  
r e s o lu t io n  than with x - rays  but could only d e t e c t  a peak a t  0.142 nm
( t r i g o n a l )  bu t  none a t  0.154 nm - which would correspond to
t e t r a h e d r a l  bonding. They p laced  an upper l i m i t  o f  8% f o r  the
con ten t  o f  t e t r a h e d r a l  atoms in t h e i r  2273 K GC.
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Saxena and Bragg s tu d ie d  the  x - ray  K emission band f o r  diamond,
p y r o l y t i c  g r a p h i t e  (c axis  p a r a l l e l  to  i n c i d e n t  e l e c t r o n s )  and h ea t -
t r e a t e d  GC. They found the  peak x-ray  wavelength o f  GC lay
between those  f o r  diamond and g rap h i te  and moved towards g ra p h i t e ,
with HTT. T h e i r  conclus ions  t h a t  GC con ta in s  both t r i g o n a l  and
t e t r a h e d r a l  atoms and t h a t  the  l a t t e r  t ransform  to  the  former with
h e a t - t r e a tm e n t  are  open to  ques t ion  f o r  the  fo l lowing  reason .  The
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peak p r o f i l e  f o r  a c r y s t a l  i s  o r i e n t a t i o n  dependent and thus a 
p o ly c ry s ta l  l i n e  m a te r ia l  would give a composite peak which,  in
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t h i s  c a se ,  f a l l s  between th a t  f o r  g ra p h i te  in p a r a l l e l  and
p e rp e n d ic u l a r  o r i e n t a t i o n .  The l a t t e r  o r i e n t a t i o n  gives a peak
c l o s e  t o  t h a t  f o r  diamond, hence the observed  GC peak need not
i n d i c a t e  any diamond-l ike s t r u c t u r e s .  The p eak ' s  s h i f t  with HTT
could be caused by annealing of  d e f e c t s ,  i n c re a s e  in c r y s t a l l i t e  s i z e
or in c re a s e d  a lignment of  aromatic  r ings  - a l l  o f  which
could in c r e a s e  e l e c t r o n  d e l o c a l i s a t i o n  and thus  s t a b i l i s e  the
energy l e v e l s .  Such changes would be expected to  s h i f t  the  K
band towards th e  more s t a b l e  Sp^ wavelength.  X-ray photoemission 
72
s tu d ie s  on the  same GC sample a l so  sugges ted  both t e t r a h e d r a l  and 
t r i g o n a l  atoms - the  l a t t e r  in preponderance.
This weal th  o f  c o n f l i c t i n g  data perhaps i n d i c a t e s  t h a t  our  concept
of  c l e a r l y  d e f in e d  Sp^ o r  Sp3 atoms may no t  be the b e s t .  In a
seve re ly  d i s t o r t e d  t r i g o n a l  s t r u c t u r e ,  atomic bonds may be s u f f i c i e n t l y
bent to  produce apparen t  h y b r id i s a t i o n s  between Sp2 and Sp3.
Sp^ atoms are  not e s s e n t i a l  f o r  the formation o f  t h r e e -d im e n s i o n a l ,
n o n - g r a p h i t i z i n g  s t r u c t u r e s ,  s ince  3-dimensional  c a g e - l i k e  s t r u c t u r e s  can
be b u i l t  from te t r a p h en y len e  u n i t s  (F igure  2.4) as sugges ted  by 
51Riley . Such s t r u c t u r e s  can be q u i t e  r i g i d  and are  e n t i r e l y  composed
of t r i g o n a l  a toms,  so may be envisaged as being b r idg ing  groups between
a d jac e n t  a rom at ic  layers  in low temperature  carbons.  Moreover,  the
rup ture  of  the  non-a romatic  a bonds would enable  the phenyl r i n g s  to
assume more p l a n e a r i t y  and e v en tu a l ly  combine to  extend the  g r a p h i t i c
layers  - p o s s ib ly  in t roduc ing  a bend in the  newly-formed l a y e r - p l a n e .
This mechanism o f  l a y e r -p la n e  growth agrees well  with t h a t  proposed by
73Diamond and Hirsch f o r  c a rb o n isa t io n  o f  coals  and would r e p r e s e n t  
l a y e r  ev o lu t ion  up to  about 1700 K.
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2 . 2 . 4 .  The Impact of  High Resolut ion E lec t ron  Microscopy on S t r u c tu re  
The advent o f  high r e s o l u t i o n  e l e c t r o n  microscopes (HREM) has c o n s id e r ­
ably  a ided  our  unders tand ing  of  carbon m ic r o s t r u c tu r e .  L a t t i c e  f r inge  
images o b ta in ed  by t h i s  technique i n d i c a t e  l a y e r - p l a n e s  to  be 
c o n s id e ra b ly  l a r g e r  than the values ob ta ined  by l i n e  broadening
methods. This s imple  observa t ion  confirmed the k - r a y  r e s u l t s  o f  
74
Maire and Mering whose r a d i a l  d i s t r i b u t i o n  analyses  show la y e r s  to
be a t  l e a s t  tw ice  as la rge  as t h a t  i n d i c a t e d  by (hk) p r o f i l e
a n a l y s i s .  T h e i r  view of  the  coherent  s c a t t e r i n g  domain being l im i ted
by i n t e r n a l  d i s t o r t i o n s ,  a l so  sugges ted  by Ergun , was v in d ic a ted
by the c o n s id e ra b l e  bending and tw i s t i n g  of  the l a t t i c e  f r i n g e s .  The
view of a po lymeric  s t r u c t u r e  made from a folded network of l a y e r s ,
where fo ld s  c o n s t i t u t e  sources  of s t r a i n ,  or c r y s t a l l i t e  boundaries
76,77
from a d i f f r a c t i o n  v iew poin t ,  was sugges ted  by Ergun and Schehl ,
The i r  F o u r i e r  t r a n s fo rm  a n a ly s i s  o f  the  (hk) r e f l e c t i o n s  a l so  shows the
hexagonal r in g s  t o  be d i s t o r t e d  - a s u r p r i s i n g  f in d in g  cons ide r ing
t h e i r  sample was a 3273 K g lassy  carbon, bu t  no doubt i n d i c a t i n g
the extreme d i f f i c u l t y  o f  s t r a i g h t e n i n g  out bent in te rweaved l a y e r -
p lan es .  A s i m i l a r  model has been sugges ted  by Braun and F i t z e r ^ ^  and
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Rousseaux and Tchoubar.  The l a t t e r  workers '  a n a ly s i s  a l s o  shows 
the l a y e r - p l a n e s  to  be longer  in one ’a '  d i r e c t i o n  than the o t h e r ,  
i . e .  the l a y e r s  were more l ik e  ribbons than s h e e t s .
From an i n t u i t i v e  i n t e r p r e t a t i o n  o f  l a t t i c e  f r i n g e  images ,
t empera ture  dependence o f  s p e c i f i c  heatf*^ and i t s  a b i l i t y  to
81 09i n t e r c a l a t e  po tass ium ,  Jenk ins ,  Kawamura and Ban proposed
a model o f  i n t e r t w i n e d  graphi t i c ribbons (F igure  2.6) f o r  GC. This
model i s  e s s e n t i a l l y  the  same as t h a t  proposed f o r  carbon f ib r e s ^ ^
but w i thou t  p r e f e r r e d  o r i e n t a t i o n .  J en k in s '  model should be viewed
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with cau t ion  s in ce  l a t t i c e  f r in g e  images (on which h is  model r e l i e s  
h eav i ly )  are  two dimensional r e p r e s e n t a t i o n s  o f  a th re e  dimensional 
s t r u c t u r e .  O b e r l i n ^ ^ ^ ^ h a s  demonstrated the  p o s s i b i l i t y  of m i s i n t e r ­
p r e t a t i o n s  in such images.
Ban, Crawford and Marsh^^ used s i m i l a r  te chn iques  as Jenkins  e t  a l  
t o  s tudy PVDC carbons but claimed PVDC carbon had a d i f f e r e n t  s t r u c t u r e  
from the pheno l ic  carbons s tu d ie d  by Jenkins  e t  a l .  I t  i s  hard 
to i d e n t i f y  any s i g n i f i c a n t  d i f f e r e n c e s  between the  l a t t i c e  f r in g e  
images of  PVDC and phenolic  r e s in  carbons o r  indeed between any hard 
carbons ,  excep t  carbon f i b r e s ,  o f  the  same HTT.
Ban's s t r u c t u r a l  model (F igure  2.7) i s ,  however,more r e a l i s t i c  than
Jen k in s '  due to  a c l o s e r  packing of r ibbons  and, more im p o r ta n t ly ,
a continuous v a r i a t i o n  in s t a c k in g  h e ig h t s .  J en k in s '  model shows
87remarkable un i fo rm i ty  of L^. Ban's model i s  suppor ted  by Ergun 's  
f in d in g  t h a t  the  number of  s tacksw i th  n l a y e r - p l a n e s  decreases  
e x p o n e n t i a l l y  with  n .
2 . 2 . 5 . discussion
An im por tan t  p o in t  which i s  missing  in  a l l  the  models desc r ibed  so 
f a r  - excep t  t h a t  o f  Ban e t  a l  , in  which i t  i s  i n t u i t i v e  - i s  t h a t  the  
b u i ld in g  u n i t  in hard carbons i s  not the  c r y s t a l l i t e  ( i . e .  l ay e r -p lan e  
s ta c k )  bu t  the  l a y e r -p la n e .
In the mechanism of  ca rb o n i sa t io n  o f  hard carbons t h e re  i s  no 
reason why the  growth of  one l a y e r  should be in f lu en c ed  by the  growth 
of  a l a y e r  a d jac e n t  or  above i t .  Such growth i s  l a r g e l y  d i c t a t e d  by 
the  o r i g i n a l  polymer's  m olecu lar  o r i e n t a t i o n  and ca rb o n i sa t io n
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mech an1 s One t h e r e f o r e  obta ins  a t a n g le d  network of in d iv id u a l  
l a y e r -p la n e s  which,  in c e r t a i n  r e g io n s ,  over lap  and s tack  up to  
produce a cohe ren t ly  s c a t t e r i n g  domain. Such a view a l so  exp la in s  
why the  i n t e r l a y e r  spacing  r a r e l y  f a l l s  below the t u r b o s t r a t i c  value o f  
0.344 nm s ince  t h i s  i s  a r e s u l t  of a random d i s t r i b u t i o n  of  l a y e r -  
plane a-axes  in the  s t ac k  ( F ig u r e 2 . 8) .
One can a l so  see why the s tack  h e ig h t  d i s t r i b u t i o n  has such a 
s t a t i s t i c a l  na tu re  - the  p r o b a b i l i t y  o f  a high s t ac k  decreases  with 
s tack  h e ig h t .  The u l t im a te  c r y s t a l l i t e  s i z e s  in  a and c d i r e c t i o n s  
are c l e a r l y  decided during  the primary c a rb o n i s a t io n  s t a g e .  Growth 
of c r y s t a l l i t e s  i s  l im i t e d  to  annealing  o f  d e fe c t s  w i th in  and between 
l a y e r -p la n e s  so t h a t  the  formation of  th ree -d im ens iona l  g r a p h i t e ,  
w i thou t  a major r e - o r i e n t a t i o n  of  the  l a y e r - p l a n e s , i s  imposs ib le .
Such carbons are  t h e r e f o r e  n o n - g r a p h i t i z a b l e .  Disordered  carbon 
may be v i s u a l i s e d  as being concen t ra ted  a t  l a y e r  edges and f o l d s .
There seems l i t t l e  need to  invoke the  concept o f  r e s t r a i n i n g  c r o s s ­
l inks  which remain to  high temperature ,  as the  tan g led  network s t r u c t u r e  
e f f e c t i v e l y  prevents  th ree  dimensional o rder ing  o f  l a y e r s .  The 
e x i s t e n c e  of m ic roporos i ty  in such carbons i s  now seen as due to  
the  i n a b i l i t y  of the  l a y e r -p la n es  to  pack t o g e t h e r  p e r f e c t l y .
Micropores can th e r e f o r e  be desc r ibed  as the  space w i th in  the tan g led  
l a y e r -p la n e  network and as a r e s u l t  w i l l  c o n s t i t u t e  a very high su r fa ce  
area  -  as i s  found to  be the case .
The s i t u a t i o n  f o r  s o f t  carbons i s  d i f f e r e n t  as th e  b a s ic  bu i ld in g  u n i t
here i s  the  c r y s t a l l i t e .  This can be formed during c a r b o n i sa t io n  as
a r e s u l t  o f  the  in c reased  m ob i l i ty  of  forming a romat ic  l a y e r s .  The
89o b serva t ion  of a n i s o t r o p ic  flow l i n e s  in the mesophase implies
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p r e f e r r e d  o r i e n t a t i o n  of the  evolv ing c r y s t a l l i t e s  and so prevents  
the format ion of  a tan g led  m i c r o s t r u c tu r e .  Defects  w i l l  become 
in-grown and th e se  w i l l  place an u l t im a te  (though l a rg e )  l i m i t  on 
c r y s t a l l i t e  s i z e .  The b u i ld  up of  d e f e c t s ,  a t  c r y s t a l l i t e  
bo u n d a r ie s ,  seems to  l i m i t  the r e - c r y s t a l l i z a t i o n  of  even a w e l l -  
formed p y r o l y t i c  g r a p h i t e ^ ^  .
2 . 3 . 1 .  Porous S t r u c tu re  o f  Carbons
Carbons can e x h i b i t  a v a r i e t y  of  pore s i z e s  and i t  i s  usefu l to
c l a s s i f y  them accord ing  to  s i z e .  A s tudy o f  a c t i v e  carbons and
91ch a rco a ls  by Dubinin and co-workers sugges ted  the e x i s t e n c e  o f  
a tr imodal d i s t r i b u t i o n  o f  pore s i z e s .  The th r e e  types  have s ince
Q?
been c l a s s i f i e d  by the  lUPAC so :
Macropores -  widths l a r g e r  than 50 nm
Mesopores ( p r ev io u s ly  termed t r a n s i t i o n a l  or in te rm e d ia te )
2 -  50 nm 
Micropores -  sm a l l e r  than 2 nm.
I t  has r e c e n t l y  become ex ped ien t  to  f u r t h e r  d iv id e  micropores
in to  supermicropores  ( l a r g e s t )  and u l t r am ic ro p o r e s  ( s m a l l e s t ) .
There i s  c u r r e n t l y  disharmony on the demarcation s i z e  with  
93Dubinin proposing u l t r am ic ro p o res  as having a ra d iu s  o f  l e s s  
than 0.6  -  0 .7  nm, w h i l s t  E v e re t t  and Powl sugges t  them to have 
a w id th  l e s s  than 0 .8  nm (o r  an a v a i l a b l e  s l i t  width o f  0 .53  nm, 
a f t e r  s u b t r a c t i n g  e l e c t r o n  o r b i t a l  e x t e n s i o n s ) .  The c l a s s i f i c a t i o n  
o f  E v e r e t t  and Powl w i l l  be used th roughout t h i s  t h e s i s  s ince  i t  i s  
c o n s i s t e n t  with  the  phys ica l  b a s i s  o f  d i s t i n c t i o n  between the two
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pore s ,  which became apparen t  from t h i s  work,
2 . 3 . 2 .  Or ig ins  o f  P o ro s i ty
Macropores
These a re  u s u a l l y  a s s o c i a t e d  with morphological  f e a t u r e s ,  f o r  
example, a macroporous p re c u r so r  which chars  w i l l  form a 
macroporous carbon pseudomorph. Carbons which fuse  p r i o r  t o ,  
or  d u r in g ,  c a r b o n i s a t i o n  (cokes) o f t e n  e x h i b i t  a small 
m acroporos i ty  due to  shrinkage c r ack s ,an d  bubbles r e t a in e d  from 
the p l a s t i c  s t a g e .  Macropores can occur  in  g r a p h i t i z i n g  and 
n o n - g r a p h i t i z in g  carbons .
Mesopores
Mesopores a re  g e n e r a l ly  uncommon in  carbons  which have not been 
a c t i v a t e d ,  s ince  the p recu rso r  m a t e r i a l s  a re  u s u a l ly  f a i r l y  
uniform on t h i s  s c a l e .  Mesopores,  formed by p a r t i a l  g a s i f i c a t i o n ,  
a re  q u i t e  impor tan t  in  commercial a c t i v e  carbons s ince  they may 
c o n s t i t u t e  a usefu l  su r f a c e  a re a  f o r  adsorb ing  very la rg e  molecu les ,  
as well as prov id ing  t r a n s p o r t  channels  to  mic ropores .
Mi cropores
Because o f  t h e i r  s i z e  micropores  provide  the  major 
c o n t r i b u t i o n  to t o t a l  s u r fa ce  a r e a .  They a re  only found, in 
s i g n i f i c a n t  p ro p o r t i o n s ,  in n o n - g r a p h i t i z in g c a r b o n s  -  t h i s  
being a d i r e c t  r e s u l t  of the l e t t e r ' s  d i s o rd e re d  atomic s t r u c t u r e  
(see page 1 7 ) .  Because of  i t s  o r i g i n s  m ic ro p o ro s i ty  i s  l a r g e l y  
u n a f fec ted  by the  na tu re  of p re c u r so r  (p rov ided  i t  i s  non- 
g r a p h i t i z i n g ) ,  though i t  can be a f f e c t e d  by any manufactur ing 
process  which a f f e c t s  the  m ic r o s t r u c tu r e  (such as s t r e t c h i n g  or 
o x id a t io n  during c a r b o n i s a t i o n ) .
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P re l im inary  Macroscopic Study
The lo s s  o f  the  adso rp t ion  cap a c i ty  o f  a c t i v e  carbons upon
h e a t - t r e a tm e n t  has been d e sc r ib e d  by some as a s i n t e r i n g
process .  The onse t  of s i n t e r i n g  i s  f r e q u e n t ly  noted a t
about h a l f  the  abso lu te  mel t ing  p o in t  ( the  Tamman tempera ture)
and t h i s  corresponds  to  about 1700 K f o r  g r a p h i t e  (a lthough
g r a p h i t e  sublimes r a t h e r  than m e l t s ) .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,
t h a t  the  observed pore c lo su re  e f f e c t  may be due to a s i n t e r i n g
and c lo s in g  o f f  o f  macropores.  To i n v e s t i g a t e  t h i s  ques t ion
carbons of  HTT 1170, 1470, 1670 and 1870 K were examined by
Mercury Porosimetry ,  Scanning E lec t ro n  Microscopy (S.E.M.) 
and bulk shr inkage.
3 , 1 . 1 . Mercury Porosimetry 
Since mercury has a nega t ive  c o n t a c t  angle with  most s o l i d s ,  
p re s su re  must be exer ted  to  fo rce  i t  i n to  a porous body.
The p res su re  r equ i red  w i l l  be r e l a t e d  to  the  pore rad ius  
by the  Laplace equa t ion .  I n s e r t i n g  the  values f o r  the  c o n ta c t  
angle  and s u r face  t e n s i o n ,  we o b ta in  : -
where R i s  the  pore en t rance  rad ius  in  nm and P i s  the  
p re s su re  in kg cm" .
By measuring the amount of  mercury absorbed a g a i n s t  the  p ressu re  
e x e r t e d ,  a pore s i z e  d i s t r i b u t i o n  can be ob ta ined .
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3 . 1 .2 .  Experimental
Samples of powdered carbon (ca .  1 g) were examined in a 
Carlo Erba 1520 mercury po ros im e te r .  The carbon was 
evacua ted  by a r o t a r y  pump f o r  about one hour be fo re  f i l l i n g  
the  d i l a t o m e t e r  with mercury. The p re s su re  exe r ted  v a r ie d  
between 1 and 1500 kg cm , which corresponds  to a pore 
r a d iu s  range of  7,500 to  5 nm. The curves were co r re c t ed  
f o r  mercury c o m p r e s s i b i l i t y  by running a blank  and s u b t r a c t i n g  
t h i s .
3 . 1 . 3 .  R esu l t s
The r e s u l t s  are  p re sen ted  as a p l o t  o f  percen tage  t o t a l  
volume con ta ined  w i th in  pores s m a l l e r  than a rad ius  R 
a g a i n s t  R ( f i g u r e  3.1)» There i s  l i t t l e  d i f f e r e n c e  
between the  samples and they c e r t a i n l y  show no macropore 
c lo su r e  e f f e c t s .  The small v a r i a t i o n  up to  1000 nm i s  
probably  due to d i f f e r e n c e s  in packing o f  the  powders as a 
l a rge  p ro p o r t io n  o f  p a r t i c l e s  passed a 100 ym s i e v e .  Most of 
the  pore volume ( ~  80%) i s  in  the  range 0.5  -  5 ym with 
l i t t l e  ev idence  f o r  m e soporos i ty . The l a rg e  s i z e  of  the  mercury 
molecule prevents  micropores being p e n e t r a t e d .  One must be 
c au t io u s  with  t h i s  technique  a t  high p re s su re  as damage to  
spec imens ,  such as f r a c t u r i n g  c lo sed  pore w a l l s ,  can occur  
and t h i s  would d i s t o r t  r e s u l t s .
3 . 2 . 1 .  Scanning E lec t ron  Microscopy 
S.E.M. i s  a convenient technique  f o r  examining macro and la rg e  
mesoporosity  s ince  i t  i s  capable  o f  high m ag n i f ic a t io n  coupled 
with good r e s o l u t i o n  and an e x c e l l e n t  depth of f i e l d ,  a l so
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t h e r e  i s  no l i m i t  to  specimen t h i c k n e s s .
3 . 2 . 2 .  Resu l t s
Micrographs o b ta in e d  with  a Cambridge Ins t rum ents  S te re o sca n  S4 
a re  shown in  f i g s .  3.2  and 3 .3  f o r  carbons of  HTT 1170 and 
1870 K. The d i f f e r e n c e  in  morphology i s  due to  the  1170 
carbon having been ground to  powder, w h i l s t  the  1870 sample 
i s  the  s u r f a c e  of  a p e l l e t .  N e v e r t h e l e s s ,  i t  i s  e v id e n t  t h a t  
a m acroporos i ty  in  the  range 1 -  10 ym i s  p r e s e n t  in  both 
ca rbons ,and  t h i s  has no t  c lo se d  o f f .  The 1870 carbon a l s o  does 
no t  show any ev idence  o f  s i n t e r i n g ,  such as neck growth o r  c o rn e r  
rounding . The pore s i z e s  v i s i b l e  a re  in  c lo s e  agreement w i th  
those  from mercury p o ros im e t ry .  A h ig h e r  r e s o l u t i o n  JEOL 100 
CX e l e c t r o n  microscope was used in  scanning  mode a t  40,000 X ,  
b u t  cou ld  no t  i d e n t i f y  any f u r t h e r  p o r o s i t y  down to  ~ 2 0  nm.
3 . 3 . 1 .  Bulk sh r inkage
Any pore e l i m i n a t i o n  due to  s i n t e r i n g  would cause an i n c r e a s e  in
bulk d e n s i t y ,  hence i t  i s  u se fu l  to  have in fo rm a t io n  on the  
volume changes accompanying c a r b o n i s a t i o n  and h e a t - t r e a t m e n t .
3 . 3 . 2 .  Experimental
The d iam e te r s  of  a s e r i e s  o f  c e l l u l o s e  p e l l e t s  made under 
i d e n t i c a l  c o n d i t io n s  -  see Appendix A ( l ) -  were measured b e fo re  
and a f t e r  c a r b o n i s a t i o n .  Carbons of  HTT >1170  K were s e p a r a t e l y  
h e a t - t r e a t e d  f o r  10 mins.  (Appendix A ( 4 ) ) ,  then re -measured .
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3 . 3 . 3 .  Resu l ts
The t o t a l  sh r inkage  i s  p l o t t e d  a g a i n s t  HTT as shown in  f i g u r e  3 .4 .
I t  i s  c l e a r  t h a t  very l i t t l e  sh r inkage  occurs  beyond 1270 K.
The s l i g h t  sw e llin g  noted a t  high HTT i s  w i th in  the l i m i t s  of 
exper imental  e r r o r  and can be t r a c e d  to  v a r i a t i o n  during the 
c a r b o n i s a t i o n  s tage  ( i . e .  up to  1170 K). The same lack  o f  
shr inkage  was found f o r  the  l o n g i tu d in a l  d i r e c t i o n ,  bu t  these  
r e s u l t s  a re  not p resen ted  here  because one cannot take account 
o f  the  r e l e a s e  o f  s t r e s s ,  locked in  from the  compression s t a g e .
The lack  o f  shr inkage  in  the  tem pera ture  reg ion  o f  a d so rp t io n  
lo s s  would seem to  prec lude  any pore e l im in a t io n  e f f e c t s .
3 .4  General Conclusions
The macroporos i ty  in  these  carbons r e s u l t s  from a pseudomorphic 
s t r u c t u r e  o f  the  o r ig i n a l  c e l l u l o s e  f i b r e s .  There seems l i t t l e  
evidence f o r  the  e x i s t e n c e  o f  mesoporosity  in  th e se  u n a c t iv a te d  
carbons.  H e a t - t r ea tm en t  appears  to have a n e g l i g i b l e  e f f e c t  
on macropores,  so we may s a f e l y  conclude t h a t  the  lo ss  of 
ad so rp t iv e  cap a c i ty  i s  due to  changes occu r r ing  on a m i c r o s t r u c t u r a l  
s c a l e .
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4.1 I n t r o d u c t io n
The ad so rp t io n  o f  gases  and vapours i s  a very usefu l technique f o r  
i n v e s t i g a t i n g  m i c r o s t r u c t u r a l  changes in  carbons of low HTT ( < 1700 K)
I n i t i a l  s t u d i e s  were c a r r i e d  o u t  with n i t ro g en  a t  77 K in  a M icromer i t ic s  
Orr Surface  a rea  a n a l y s e r ,  model 2100 D. I t  was found t h a t  a d so r p t io n  
f a i l e d  to  reach e q u i l i b r iu m  a f t e r  long per iods  of  t ime. This was 
a t t r i b u t e d  to  the  small pore en t rances  p re sen t in g  a l a rge  energy 
b a r r i e r ,  over which e n t e r in g  molecules must pass .  At low temperatures  
the  m olecu les '  k i n e t i c  energy i s  low,which r e s u l t s  in a s t a t i s t i c a l l y  
small p ro p o r t io n  of  molecules  which can e n t e r ,  hence a d so rp t io n  i s  
slow. This e f f e c t ,  known as a c t i v a t e d  e n t r y ,  o r  d i f f u s i o n ,  can be 
somewhat a l l e v i a t e d  i f  h ig h e r  ad so rp t io n  temperatures  a re  used.
Carbon d iox ide  a t  177 K was then  used, an a c e t o n e / l i q u i d  n i t r o g e n  
s lu sh  ba th  being used to  o b ta in  the  tem pera tu re .  This system, however,  
a l so  f a i l e d  to  reach e q u i l ib r iu m  a f t e r  e i g h t  hours and e q u i l i b r a t i o n  
o v e rn ig h t  was no t  found p o s s ib l e  because o f  ins t rumenta l  i n s t a b i l i t i e s  
and m e l t ing  o f  the  s lu sh  b a th .  In a d d i t io n  to  the se  problems the  Orr 
a n a ly s e r  could only deal with  one sample a t  a t ime; t h e r e f o r e  a 
McBain sp r in g  type ad so rp t io n  a p p a r a tu s ,  capable  o f  running four  
samples f o r  long t im es ,  was c o n s t r u c t e d .
I n i t i a l l y  i t  was conceived to use benzene as a d so rb a te ,  t h i s  being a 
s tanda rd  vapour in use by Russian workers ,and capable  o f  use a t  w a te r  ba th  
tempera tures  -  a l lowing long unattended  e q u i l i b r a t i o n  t imes.  In 
p r a c t i c e ,  however, very small uptakes  were found f o r  u n a c t iv a te d
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carbons.  Since micropore en t ran ces  seem to  be s l i t  shaped
the  f l a t  benzene molecule must presumably re q u i re  a high 
degree of  o r i e n t a t i o n  to  be adsorbed -  t h i s  being the  cause of  the  
long e q u i l i b r a t i o n  t imes .
Various w o r k e r s ^ ,9 9 ,1 0 0  have used carbon d ioxide  a t  298 K and 
suggested t h i s  to  be well s u i t e d  to  carbons .  Carbon d iox ide  a t  
295 K was t r i e d  and found to give good up takes ,  and e q u i l i b r a t i o n  
t imes ( f o r  most carbons) o f  l e s s  than th re e  hours ,  hence t h i s  was 
used th roughout the  s tudy .
4 . 2 . 1 .  Adsorption balance  d e s i gn
The a p p a r a tu s ,  shown in  f i g u r e 4.1 and photograph4.2 , 
was c o n s t r u c te d  from pyrex g la s s  and a t t a ch e d  by clamps t o  a framework, 
which was secured to  a s o l i d  w a l l .  PTFE 'O' r ing  sea led  taps  
( J .  Young and Co.) were used th roughout  to avoid ou tgass ing  problems 
due to  ab so rp t io n  o f  o rgan ic  vapours by vacuum g rea se .  The sample 
hangdown tubes were a t t a c h e d  by cup and socke t  'O' r ing  j o i n t s  
-  these  a llowing c o n s id e ra b le  movement of  t u b e s ,  so as to  avoid  
c o n ta c t  between the  h e l i c a l  sp r in g  and tube w a l l s .
Adsorpt ive p re s su re s  were measured by a pi ran i  gauge (LKB 3294 B 
Autovac)^^! f o r  p re s su re s  o f  10 ^ to  10 Torr and a mercury 
manometer f o r  the  range 1 Torr to  a tm ospher ic ,  the  appara tus  not 
being capable  o f  w i th s ta n d in g  h ig h e r  p re s s u r e s .  The pi ran i  gauge 
head was g la s s  blown in to  the  system - t h i s  being nea t  and leak  
f r e e .  Apart  from low p re s su re  measurements the  pi rani  was i n d i s ­
pensable  in  checking f o r  o u tg ass in g  or  l e ak s .
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The manometer had one limb capable  of  being evacua ted then c losed  
o f f  by tap 0 . The whole manometer was i s o l a t a b l e  from th e  system 
by tap N, so as to  reduce the  p o s s i b i l i t y  of contamination  of 
system and samples by mercury vapour.  Tap N was only opened 
when p re s su re  measurements were made and c lo sed  a t  o th e r  t imes .  
The amount o f  mercury was chosen so t h a t  both l e v e l s  could  be 
s ig h te d  by a c a th e to m e te r  up to  a p re ssu re  o f  270 T o r r , a f t e r  
which only one lev e l  could  be s ig h t e d  up to 780 Torr .  The 
ca the tom ete r  could be swiveled in  a h o r iz o n ta l  plane to  s i g h t  
the  sample and re fe re n c e  marks as well as the  manometer.
The one l i t r e  b u lb ,  G, was in c o rp o ra te d  to  allow very small 
amounts o f  a d s o r p t iv e  to be in t roduced  in to  the system. A 
by-pass tu b e ,  F, al lowed the  p re s su re  to  be f u r t h e r  a d ju s t e d .
The a d so r p t iv e  mainly used was carbon d iox ide  (Air p ro d u c ts ,  
high p u r i t y )  which was d r i e d  by passage through a column of  
3 A molecular  s i e v e s ,  J .  The column was connected,  v ia  a 
needle v a lu e .  I ,  and 3 mm copper tubing  to the  i n l e t ,  H. P r i o r  
to use the  whole gas l i n e  and column were evacuated to  exclude 
a i r ,  then the  column charged up to a llow time f o r  d ry ing .  The
1 no
column was wrapped with  h e a t in g  tape  to  allow the  s i e v e s  
to  be p e r i o d i c a l l y  reg en e ra ted  by hea t in g  under vacuum, in  
s i t u .
The pumping system c o n s i s t e d  o f  an Edwards r o t a r y  pump. A, 
backing a water  cooled d i f f u s i o n  pump B. The d i f f u s i o n  pump o i l  
used was DC 702 s i l i c o n e .  A l i q u i d  n i t ro g en  t r a p ,  D, and 
water cooled b a f f l e  v a lv e ,  E, were inc luded  to  reduce o i l  
vapour backs t reaming.  A by-pass  l i n e ,  C, was inc luded  to  
p r o t e c t  the d i f f u s i o n  pump w h i l s t  l a rg e  q u a n t i t i e s  of  gas were
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being pumped away.
The r o t a r y  pump had a s ep a ra te  power f a i l u r e  p r o t e c t io n  system 
which, on power f a i l u r e ,  would i s o l a t e  the  vacuum system 
and a llow the r o t a r y  pump back to  a tmospheric .  The de lay  time 
between the two events  was a d j u s t a b l e .
The maximum s e n s i t i v i t y  o f  sp r ing  balances  i s  s e t  by th e  
hangdown tube leng th  s i n c e ,  f o r  a given le n g th ,  any in c re a s e  
in sample weight  must be o f f s e t  by a reduc t ion  in sp r ing  
s e n s i t i v i t y .  The tube leng ths  were 0.65 m which allowed a 0.4  g 
sample on a sp r in g  o f  s e n s i t i v i t y  ~60  cm g \  A r e a l i s t i c  
e s t i m a te  o f  the  minimum movement d e t e c t a b l e  by the  ca the tom e te r  
i s  _+ 0.003 cm, hence the minimum d e t e c t a b l e  weight  change i s  
+ 5 X 10  ̂ g.
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The h e l i c a l  sp r in g s  used were made from pyrex and su p p l i e d  
in  0 .3  m (unextended) l e n g th s .  These could be c u t  to y i e l d  
sp r in g s  o f  any d e s i r e d  s e n s i t i v i t y .  The ir  advantages over  s i l i c a  
e q u iv a l e n t s  were t h e i r  c o n s id e ra b ly  lower c o s t ,  g r e a t e r  r o b u s tn e s s ,  
ease  o f  r e p a i r  and f l e x i b i l i t y  o f  sp r ing  s e n s i t i v i t y .  T h e i r  
c h i e f  d isadvan tage  i s  t h e i r  low dimensional s t a b i l i t y  i . e .  they 
a re  prone to creep under s t r e s s .  This problem seems to  have
been so lv ed ,  however, by fo l lowing  the p r a c t i c e  of C h i p a l l a t t i
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and Gi les  and annea l ing  the  sp r in g s  under a 0.5  g load a t  
470 K f o r  8 hours .  A f te r  such t r e a tm e n t  no s i g n i f i c a n t  c reep 
could be d e tec te d  over the  pe r iod  of  an isotherm (ca .  one week);  
s e n s i t i v i t i e s  a l so  remained c o n s ta n t  over s ix  months.
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To allow the  maximum p o s s ib l e  s e n s i t i v i t y  sp r ings  to  be used 
the sample supens ion  f i b r e  had to be kept to a minimum (5 - 
10 cm). This r e s u l t e d  in  the  sp r in g  p ro t rud ing  i n t o  the 
th e rm os ta ted  w a te r -b a th  and being obscured from the  ca th e to m e te r .
To c i rcumvent t h i s  problem the  pyrex suppor t  f i b r e s  were made 
with a kink in  an a p p r o p r i a t e  place  f o r  a tt achment  to  the  s p r in g .  
This l e f t  an upward p o in t in g  e x te n s io n ,  the  top of which could 
be s ig h t e d  (see  i n s e t  R) . P e r f e c t  p a r a l l e l i s m  o f  the  upward 
and downward s e c t i o n s  o f  the  f i b r e  was achieved by hanging i t  by 
i t s  sample hook and momentari ly p lay ing  a small flame onto the  
kink.  G rav i ty  p u l l s  the  two s e c t io n s  in to  l i n e .  A 
f i d u c i a l  r e f e r e n c e  f i b r e  was suspended w i th in  the s p r in g .  Checking 
t h i s  al lowed any movements o f  the  ca the tom ete r  to be d e t e c t e d  
and al lowed f o r .
Carbon p e l l e t  samples (ca .  0 .4  g) were a t t a ch e d  to the su p p o r t  f i b r e  
by a f i n e  w ire  loop .  Powder samples were conta ined  in  aluminium 
f o i l  b u c k e ts .
Samples were th e rm o s ta ted  by immersion of  the  hangdown tubes
in to  a deep perspex  water  b a th .  The tempera ture  was c o n t r o l l e d
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by a Techne tem pe t te  TE 1 th e rm o s ta t  which was s t a b l e  to  
+ 0.2 K over  a complete run.
Outgass ing was ach ieved  by wrapping hea t ing  tape  around the  
v i c i n i t y  o f  the  sample and evacua t ing  to  a p ressu re  o f  l e s s  
than 10 ^ To r r .  The tem pera ture  was c o n t r o l l e d  by a v a r i a c  
to  about  480 K. Outgass ing was conven ien t ly  c a r r i e d  out 
o v e rn ig h t .
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Correc t ions  f o r  buoyancy were not p o s s ib le  s ince  the  e f f e c t i v e  
sample d e n s i t y  v a r i e s  with h e a t - t r e a tm e n t  and a c t i v a t i o n .  This 
i s  due to  d i f f e r i n g  amounts of c losed  p o ro s i ty .  Without an 
independent  means o f  measuring the  d e n s i t y ,  in carbon d io x id e ,  
r e a l i s t i c  c o r r e c t i o n s  a r e  im poss ib le .  U nfo r tuna te ly ,  the 
l a r g e s t  e f f e c t  i s  seen in  carbons o f  high HTT s ince  t h e i r  
d e n s i ty  i s  lowest  -  t h i s  a l s o  co inc ides  with low a d so r p t iv e  
cap a c i ty  such t h a t  the  measured ad so rp t ion  on the se  carbons i s  
somewhat u nde re s t im a ted .
4 2 . 2 . Op e r a t in g  procedure
Samples were ou tgassed  under vacuum by wrapping hea t ing  tape  
around the  specimen a rea  of  the hangdown tubes .  Completion of  
ou tgass ing  was i n d i c a t e d  by a c e s s a t io n  of  sp r ing  e x t e n s io n ,  and 
checked by c lo s in g  o f f  the  system f o r  15 minutes and looking 
f o r  a r i s e  in  p re s su re  ( > 0 .0 1  Torr)  on the  p i ra n i  gauge.
This l a t t e r  check was im por tan t  s ince  leaks  were not uncommon.
When ready ,  the  hea t in g  tape  was removed and the tubes submersed 
in the  wa ter  ba th  and t h i s  brought up to tem pera tu re .  Only 
when the  samples were th e rm o s ta ted ,  and being pumped, were the  
zero p re s su re  extensions  measured. This i s  necessa ry  because 
the  sp r in g s  were no t  s e p a r a t e l y  the rmosta ted  and d i f f e r e n c e s  
in tempera ture  would a l t e r  the  sp r ing  e x ten s io n s .  An in c r e a s e  
in tempera ture  w i l l  cause a s p r in g  to  c o n t r a c t  due to  a change in  
i t s  e l a s t i c  c o n s t a n t s B e c a u s e  a mercury manometer 
i s  not a f r i c t i o n l e s s  p i s t o n , a  l i t t l e  a g i t a t i o n  o f  the  
tu b es ,  p r i o r  to  s i g h t i n g ,  ensures  c o r r e c t  l e v e l s  are  
measured. S l i g h t  v a r i a t i o n s  o f  the  two l e v e l s  from equal
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h e i g h t ,  a t  zero p r e s s u r e ,  were c o r r e c t ed  fo r .
E q u i l i b r a t i o n  t imes v a r i e d  cons ide rab ly  and t r u e  s t a b i l i t y  
had to  be i n d i c a t e d  by constancy o f  ex tens ion  over two o r  more 
hours .  A c t iv a ted  carbons  and ones o f  HTT <1470 K reached 
e q u i l ib r iu m  a f t e r  2 hours w h i l s t  carbons o f  HTT = 1570 K 
r e q u i re d  12 hours. Continuing adsorp t ion  on 1470 K carbons could  
be d e t e c t e d  a f t e r  one week.
Sample weights  were found by ou tg ass in g ,  then s e a l in g  o f f  under 
vacuum and c o o l in g .  Samples were i n d i v id u a l ly  removed and qu ick ly  
weighed on a b a lan c e ,  to  fo u r  decimal p lace s .  Due to  a d so r p t io n  
from the  a i r ,  the  f i r s t  s t a b l e  reading was taken .  E r ro rs  o f  
t h i s  kind have l i t t l e  e f f e c t ,  due to  the l a rg e  weight o f  carbon, 
but would be s i g n i f i c a n t  f o r  specimens l e f t  to  the atmosphere f o r  
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4 . 3 . 1 .  Treatm ent o f  Adsorption Data
1 0 7
The f i r s t  t r e a t m e n t  o f  a d so r p t io n  was by Langmuir who used a
k i n e t i c  argument  to  d e r iv e  an equa t ion  which f i t s  th e  Type I
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isotherm in  th e  BOOT c l a s s i f i c a t i o n  • . He made the
assumptions ( 1 ) t h a t  the  s o l i d  s u r f a c e  was a two dimensional 
a r ra y  o f  e n e r g e t i c a l l y  homogeneous s i t e s ,  ( 2 ) t h a t  no i n t e r a c t i o n  
occur red  between adso rba te  molecules and (3) t h a t  a d so r p t io n  
ceased on com ple t ion  o f  a monolayer. In phys ica l  a d so r p t io n  none 
o f  th e se  a ssum ptions  a re  r e a l l y  c o r r e c t  b u t  Langmuir 's  equ a t io n  
s t i l l  f i n d s  a p p l i c a t i o n  in  chem iso rp t ion .
Langmuir 's  approach to  de termining  the  monolayer c a p a c i ty  i s  
c l e a r l y  ve ry  l i m i t e d  but was extended to  cope w i th  m u l t i l a y e r  
a d so r p t io n  by Brunauer ,  Emmett and T e l l e r
The r e s u l t a n t  B .E.T. equa t ion  al lows monolayer c a p a c i t i e s  f o r  a
much wider  range o f  adsorben ts  to  be found and can y i e l d  s u r f a c e
areas  i f  t h e  a d s o r b a t e  m olecu le ' s  occupied a rea  i s  known. The
B.E.T. e q u a t i o n  i s  deVived _ f o r  open, p la n e ,  s u r f a c e s  b u t  can
be modif ied  t o  cope wi th  porous adsorben ts  where th e  pore
width r e s t r i c t s  th e  maximum number o f  l a y e r s .  Despite  t h i s ,
m o d i f i c a t i o n , t h e  B.E.T.  theory  i s  r a t h e r  s u sp e c t  when a p p l i e d
to  very f i n e  pored a d so r b e n t s .  DeBoer and Custe rs
f i r s t  p o in te d  o u t  t h a t  a molecule in a c r e v i c e  o f  molecu lar
dimensions could  have a h e a t  o f  adso rp t io n  s i x  t imes as l a rg e
as on a p lane  s u r f a c e .  Such an e f f e c t  i s  due to  th e  o ve r lap  o f
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a d so r p t io n  f o r c e s  from o p p o s i t e  wal ls
The r e s u l t  o f  such an o ve r lap  o f  fo rces  i s  to  cause  enhanced low
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p re s su re  a d so r p t io n  with the  adsorbate  a c t i n g  more as a l i q u i d
or  compressed gas (depending on temperature) than a l o c a l i s e d
l a y e r .  This e f f e c t ,  termed micropore f i l l i n g ,  i s  b e l i e v ed
to  be th e  cause  o f  B.E.T. su r fa ce  a reas  which exceed th e  maximum
112-114
t h e o r e t i c a l l y  p o s s ib le
There a re  c u r r e n t l y  two approaches to  adso rp t io n  in microporous 
s o l id s  -  the  deBoer ' t '  p l o t  and the Polanyi p o t e n t i a l  theory  
as developed by Dubinin and co-workers .
4 .3 .2 .  The deBoer t  P lo t
The t  p l o t  i s  a means by which an isotherm i s  r e p l o t t e d  with  d i f f e r e n t
c o -o rd in a t e s  so as to  a llow d e v ia t io n  from the  i d e a l i s e d  s i t u a t i o n
of  ad so rp t io n  on a p lan e ,  open, s u r fa ce  to  be observed . I t  i s
p o s s ib le  to  ob ta in  values  of  micropore volume and s u r f a c e  area
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of 'open '  s u r f a c e s  as shown by Sing. These v a lu e s ,  and th e
approach in  g e n e r a l ,  a re  s u b j e c t  to  much con t rove rsy  as var ious
116
' s t a n d a r d '  iso therms  e x i s t  which d i f f e r  so as to  co n s id e rab ly
93,117 ,
a l t e r  the  va lues  o b ta in ed .  Dubinin c r i t i c i z e  i t  as only
having been ap p l i e d  to  super -microporous absorben ts  (r  > 0 .6  nm)
118,119
and not u l t r am ic ropo rous  ones.  Marsh and Rand c r i t i c i z e
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i t s  use by Mikhail e t  al to  ob ta in  pore s i z e  d i s t r i b u t i o n s  
as assuming an u n r e a l i s t i c  mechanism o f  a d so r p t io n .
An approach which was de r ived  s p e c i f i c a l l y  f o r  microporous 
adsorben ts  and does not assume a mechanism f o r  a d so r p t io n  i s  
the  Dubinin theo ry  o f  volume f i l l i n g  of  micropores,  which is  
based on the  Polanyi p o t e n t i a l  theory .  Since t h i s  approach 
was e x c l u s i v e l y  used in  t h i s  s tudy i t  w i l l  be de sc r ib ed  in 
more d e t a i l .
- 4 1 -
4 . 3 . 3 .  The Polanyi P o te n t i a l  Theory
Po lan y i ' s  viev^^^ o f  the  ad so rp t io n  fo rces  can be l ikened
to a g r a v i t a t i o n a l  f i e l d  surrounding the  s o l i d ' s  s u r f a c e .
The f i e l d  o f  a t t r a c t i o n  i s  c h a r a c t e r i s e d  by an ad so rp t io n
p o t e n t i a l ,  e ,  which i s  de f ined  as the  isothermal work done, by
the  a d so r p t io n  f o r c e s ,  on t r a n s f e r r i n g  a molecule from the
f r ee  gaseous phase to  a p a r t i c u l a r  p o in t  above the  s u r f a c e .
I t  should  be noted  t h a t  th e  term p o t e n t i a l  used here  does no t
r e f e r  to  i n t e r m o le c u la r  p o t e n t i a l  such as the  Lennard-Jones
type p o t e n t i a l .  The s u r fa ce  i s  t h e r e f o r e  v i s u a l i s e d  as being
surrounded by e q u i p o t e n t i a l  su r face s  as shown sch e m a t ic a l ly
in f i g u r e 4.3 .
As one moves away from the  s u r fa ce  the volume, V, enclosed  
by an e q u i p o t e n t i a l  s u r fa ce  in c rease s  as i t s  p o t e n t i a l  value 
d e c r ea se s .  E ven tua l ly  the  p o t e n t i a l  f a l l s  to  zero and the  
volume enc losed  by e = 0 becomes the  t o t a l  ( l i m i t i n g )  a d so rp t io n  
space ,  V^.
C le a r l y ,  the  way in  which V changes with  e w i l l  depend on 
the  p a r t i c u l a r  a d s o r b e n t ' s  p o ro s i ty  o r  s u r face  h e t e r o g e n e i ty .
A p l o t  o f  V vs .  E i s  t h e r e f o r e  c a l l e d  a " c h a r a c t e r i s t i c  curve" .  
Provided only  London type d i s p e r s io n  fo rce s  are  invo lved ,  
and because the se  a re  temperature  independent,  such a curve 
should be the  same f o r  d i f f e r e n t  temperatures  o f  measurement.  
Temperature i n v a r i a n ce  of  the  c h a r a c t e r i s t i c  curve i s  a 
fundamental  p o s t u l a t e  of  the p o t e n t i a l  theory .
The thermodynamic ad so rp t io n  p o t e n t i a l ,  e ,  i s  found so :
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I f  a gas i s  i s o th e rm a l ly  and r e v e r s i b l y  compressed the  
change in  Gibbs f r e e  energy i s  given by
dG = Vdp -  SdT 4 J
a t  c o n s t .  T
dp = V 4.2T




I n t e g r a t i n g ,
G = RT InP  + C. 4 .4
I f  the  s t a n d a r d ,  r e f e r e n c e ,  s t a t e  i s  taken as the  bulk l i q u i d  
with a s a t u r a t e d  vapour p re s su re  o f  P
G° = RT In Pq + C 4 .5
I f  the  adsorbed phase i s  taken as being i d e n t i c a l  to the  
bulk l i q u i d  the  f r e e  energy change, which e i s  de f ined  a s ,  
i s  found from
G° -  G = -AG = RT In  P /p = e .  4 .6o
The assumption t h a t  the adsorbed phase behaves as bulk l i q u i d  
i s  only  r e a l l y  v a l i d  when T < T̂  , where T̂  i s  th e  c r i t i c a l  
tem pera tu re .  I f  the  adso rp t io n  volume i s  in  pores where
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c o n s id e ra b le  p o t e n t i a l  over lap  occurs then can probably  
be used as the  r e f e re n c e  s t a t e  up to , s in ce  the  m a jo r i ty  
o f  adso rba te  w i l l  exper ience  fo rce s  s u f f i c i e n t l y  l a rg e  to  
l i q u i f y  i t .  I f  wide pores e x i s t  t h e re  w i l l  be a mixture  of  
l i q u i d  and compressed gas which w i l l  change in  p ro p o r t io n  as 
T approaches T^. In the l a t t e r  case a number o f  methods 
have been proposed f o r  de te rmin ing  -  the  adso rba te  
dens i tyT^2 'T23 ,124 ,125   ̂ but the p a r t i c u l a r  formula used must
u l t i m a t e l y  depend on the p a r t i c u l a r  ad so rb en t .  This i s  
demonst ra ted  by the  semi-empir ica l  method o f  Dubinin,  Kadlec
1 n c
and Zukal . Since a l l  measurements in  t h i s  s tudy  were
c a r r i e d  o u t  a t  T <  T . v a l u e s  o f  P and p were taken fromc ’ o a
127values  f o r  the  l i q u i d  phase . Values were used in  0.1 K 
i n t e r v a l s  to  compensate f o r  exper imental  tem pera ture  f l u c t u a t i o n s
When T > T  the  concept o f  a l i q u i d  phase lo se s  i t s  
°  122
meaning. Berenyi sugges ted  the adso rba te  d e n s i t y  would
be the  maximum to  which the  gas could  be compressed i . e .
the  molar volume given by the  Van de r  Waals c o n s t a n t  b .
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Dubinin and Nikolayev a l so  assume p^ to  be c o n s t a n t  but
equal to  the  mola r volume a t  T . Conversely,  Dubinin,  Kadlec 
126
and Zukal sugges ted  t h a t  p^ v a r i e s  with  T in  the  same manner as 
below -  hence could  be ob ta ined  by a s e r i e s  of measurements 
a t  tem pera tu res  well  below and c lo se  to T^, on the  same 
abso rben t .
The value o f  P^ used fo r  T > was sugges ted  by Berenyi 
as being kTb~^, where the  c o n s t a n t  k depends on the  u n i t s  used,
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Nikolayev and Dubinin,  a f t e r  ana lys ing  much exper imental  d a ta ,  
a r r i v e d  a t
P T
e = RT In ——  4.7
P Tc
where P^ i s  th e  c r i t i c a l  p re s su re .
P^ can a l s o  be ob ta ined  from an e x t r a p o l a t i o n  o f  a p l o t  
o f  s a t u r a t e d  vapour f u g a c i t i e s  vs .  T
Knowing va lues  f o r  £ and V, the  c h a r a c t e r i s t i c  curve could  be 
c o n s t r u c t e d  b u t  was o f  l i t t l e  use f o r  de termining  s t r u c t u r a l  
in fo rm at ion  u n t i l  f u r t h e r  developed by Dubinin and co-workers .
4 . 3 . 4 .  The Dubinin Theory
Dubinin recogn ised  t h a t  the  c h a r a c t e r i s t i c  curves  f o r  a c t i v e  
carbons f e l l  i n t o  two extreme c a te g o r ie s .  The f i r s t  ( type  A) possessed 
micropores o f  s i z e  commensurate with t h a t  o f  the  so rb a te  mole­
c u le .  The second (type  B) possessed la rg e  pores and gave 
curves  s i m i l a r  to  non-porous m a t e r i a l s .  Dubinin and Radushkevich 
a l so  noted  t h a t  the  type A curves resembled the  p o s i t i v e  branch 
o f  a Gauss ian d i s t r i b u t i o n ,  from which they proposed two 
equa t ions  to  f i t  the  two types o f  curve :
V = exp(-  ke^) Type A 4 .8
V = exp ( -  ke) Type B 4.9
i s  th e  l i m i t i n g  volume of the  a d so rp t io n  space w h ic h , fo r  
type A c a r b o n s , i s  taken as being equal to  the  micropore volume.
The s i g n i f i c a n c e  o f  f o r  type B carbons i s  no t  so e a s i l y
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def ined  as i t  inc ludes  ad so rp t io n  on open s u r f a c e s .  k i s  a 
c o n s t a n t  which depends upon th e  adso rben t  and a d so r b a te .
Dubinin has shown t h a t  a l l  the  c h a r a c t e r i s t i c  curves  f o r  d i f f e r e n t  
vapours on the  same adso rben t  can be s h i f t e d  to  superimpose each 
o th e r  i f  e i s  d iv ided  by a c o n s t a n t ,  3 » which depends on the  
vapour. A f f i n i t y  c o e f f i c i e n t s ,  3 , can be found by adsorbing  a 
s e r i e s  o f  vapours onto a c h a r a c t e r i s e d  a dso rben t  and tak ing
one ( u s u a l l y  Benzene) as s tanda rd  with 3 = 1 . I t  i s  a l so
found t h a t  3 can be approximated from the r a t i o  o f  molar 
volumes,or b e t t e r  s t i l l ,  parachors  f o r  the  given and s tan d a rd
vapour,  k can t h e r e f o r e  be f a c t o r i s e d  so: -
where B i s  now only dependent on the  adsorben t .  
Equat ion 4 .8  now becomes, in  l i n e a r  form : -
InV = InV^ - {RT ln(P^/p)}^ 4.11
f o r  T < T .c
Equation 4.11 i s  known as the  Dubinin-Radushkevich (D-R) 
e q u a t i o n .  A p l o t  o f  in V -  ln^(P^/p) should  y i e l d  a 
s t r a i g h t  l i n e  which i n t e r c e p t s  the  o r d i n a t e  a t  in v ^ ,  hence
the  micropore  volume can be found.
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4 . 3 . 5 .S ig n i f i c a n c e  o f  B
B i s  a s h i f t i n g  parameter which allows c h a r a c t e r i s t i c  curves 
f o r  d i f f e r e n t  adsorben ts  to  be super imposed.
The dimension o f  B /3  ̂ a re  (energy) so the two 
parameters  a re  o f t e n  combined so : -
where E i s  c a l l e d  the  c h a r a c t e r i s t i c  energy f o r  the  
p a r t i c u l a r  s o r b a t e / s o r b e n t  system. 4 . 8  becomes
V = exp -  ( f ,  4 .13
E i s  thus  seen as being a p a r t i c u l a r  va lue  o f  e f o r  which the  
f r a c t i o n  o f  volume f i l l i n g ,  V/V^, i s  i / e  i . e .  V/V^ = 0.368.  
I t s  r e l a t i o n s h i p  to  the  mode o f  the  d i s t r i b u t i o n  o f  volume 
with  a d so r p t io n  p o t e n t i a l  i s  found so : -
■ 2 V exp -  4 .14d-E o E' (*)■
Equation 4.14 has the  form o f  a Rayleigh d i s t r i b u t i o n  and i t s  
p r o f i l e  i s  s o l e l y  determined by E (see F i g u r e 4 . 4 ). The maximum 
o f  the  d i s t r i b u t i o n  i s  found from d ^ / d e ^  = 0 , from which 
d i f f e r e n t i a t i o n  o f  4.14  gives : -
^ 4.15
e i s  th e  mode o f  the  d i s t r i b u t i o n .max
~ A ~ 7 —
E no t  only dete rmines  the  peak p o s i t i o n  bu t  a l so  the breadth  
o f  the  d i s t r i b u t i o n  as can be seen in  f i g u r e  4.4. Although 
i t  i s  no t  p o s s ib l e  to d i r e c t l y  r e l a t e  pore s i z e s  to  c v a lu e s ,  d i s t ­
r i b u t i o n s  de sc r ib ed  by 4.14 o f t e n  prove of value in  observing 
s t r u c t u r a l  changes .
4 . 4 . 1 .  L im i ta t io n s  o f  the  Dubinin-Radushkevich equa t ion
A l i n e a r  D-R p l o t  can only be expected over  a wide p re s su re  
range i f  the  d i s t r i b u t i o n  of  volume with p o t e n t i a l  fo llows 
a Rayleigh d i s t r i b u t i o n  over i t s  whole range.  Many systems y i e l d  
l i n e a r  p l o t s  over r e s t r i c t e d  ranges and, depending on the  
p re s su re  range examined, d i f f e r e n t  va lues  o f  may be ob ta ined .  
Since the  D-R p l o t  i s  used as an e x t r a p o l a t i o n  d e v ice ,  to  f in d  
v ^ j th e  reg ion  a t  high r e l a t i v e  p re s su re  (low e) should be used, 
i f  low p re s su re  d e v ia t io n s  occur .
The n a tu re  o f  the  dev ia t io n s  from l i n e a r i t y  a re  o f t e n  
c h a r a c t e r i s t i c  o f  a p a r t i c u l a r  s t r u c t u r e  o f  adso rben t  and so 
can o f f e r  a usefu l  too l  f o r  s t r u c t u r a l  i n v e s t i g a t i o n s .
4 .4 .2 .  Marsh and Rand D-R P lo t s
100 128
Marsh and Rand ’ i d e n t i f i e d  th r e e  types  o f  d e v ia t i o n  
which were a t t r i b u t e d  to  p a r t i c u l a r  d i s t r i b u t i o n s  o f  p o t e n t i a l  
(see F igure  4 . 6 ) .
Type A
This showed two l i n e a r  s e c t io n s  with  the  low p re s su re  (high e) 
end d e v ia t i n g  down. Such p lo t s  a re  found in  z e o l i t e s ,  non­
a c t i v a t e d  carbons and g e n e r a l ly  homogeneous carbons.
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Type B
This p l o t  i s  curved over the  whole range o f  p r e s s u r e .  Marsh 
and Rand sugges ted  t h i s  was a r e s u l t  o f  a log-normal type of  
d i s t r i b u t i o n .  This d e v ia t io n  i s  found in  a c t i v a t e d  carbons and 
impl ies  a s t r u c t u r e  c l o s e r  to  the  aforementioned  type B 
carbons than type A.
Type C
This l a t t e r  c l a s s  was only observed f o r  n i t r o g e n  and argon 
on c e r t a i n  a c t i v a t e d  carbons.  There i s  evidence  f o r  a type A 
d e v ia t io n  with  a high pressu re  uptu rn  super imposed. Marsh 
and Rand concluded t h a t  t h i s  shape was due to  a bimodal 
d i s t r i b u t i o n  o f  p o t e n t i a l .  Bear ing in  mind t h a t  t h i s  type 
occurred  only  in  the  systems where P/P^ approached u n i t y , i t  seems 
l i k e l y  t h a t  the  upturn  i s  due to  c a p i l l a r y  condensation  in  
messopores -  which a re  f r e q u e n t ly  p r e s e n t  in  a c t i v a t e d  
carbons .  The "type A" d e v ia t i o n  may be due to  a loss  o f  la rg e  
micropores i n t o  mesopores which f i l l  by m u l t i l a y e r  adso rp t ion  
u n t i l  c o n s t r i c t e d  s u f f i c i e n t l y  to  al low c a p i l l a r y  condensa t ion .
4 . 4 . 3 .  Dubinin-Astakhov equa t ion  
The s p e c i f i c i t y  o f  the  D-R equat ion  can be seen when one 
remembers t h a t  the  only  v a r i a b l e  in  the  Rayleigh d i s t r i b u t i o n  
i s  E ,  which no t  only c o n t ro l s  th e  d i s t r i b u t i o n ' s  maximum but  
a l so  i t s  b r e a d th ,  v ,  by
w = E^(2F- ^^2 r^) 4.16
where r  i s  the  gamma fu n c t io n .
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The Rayleigh d i s t r i b u t i o n  assumes homogeneous adsorben ts  to
be predominant ly  of  low e and v i c e - v e r s a .  Deviations maymax
be expected f o r  the  rea l  cases  where t h i s  r e l a t i o n  does not 
occur .
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Equat ion4.13  i s , in  f a c t ,  an example o f  a Weibull fu n c t io n  which 
takes  the  form
F(A) = 1 -  exp { -  ( e/E )“ ) 4.17
The exponent  n, which was p rev io u s ly  assumed equal to  e i t h e r  
1 or  2 , i s  now seen as a v a r i a b l e  which predominantly  a f f e c t s
the  d i s t r i b u t i o n  breadth  (and to some e x t e n t  e ) .  For verymax'
homogeneous s o l i d s  n w il l  be high so t h a t  as n ^  « the  
c h a r a c t e r i s t i c  curve tends  to  a s t e p  fu n c t io n  and i t s  
d i f f e r e n t i a l  -  the  p o t e n t i a l  d i s t r i b u t i o n  -  tends  to  a Dirac 
d e l t a  f u n c t i o n ,  as shown in  f i g u r e  4 .5 .
The d i s t r i b u t i o n  h a l f - h e i g h t  b read th  i s  g iven  by
w = (n r  -  ^  r  4.18
4.18 i s  th e  general  case  o f  4.16
The p o s i t i o n  of  i n t e r s e c t i o n  f o r  d i s t r i b u t i o n  curves  of  
d i f f e r e n t  n i s  a t  e = E i . e .  V/V^ = l / e  = 0 .3 6 8  .
e tends  towards t h i s  p o i n t ,  as n i n c r e a s e s ,  by themax r
fo l lowing
\ l / n
E = ^max 4.19
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4.19 i s  the  general  form of  4.15
Equation 4 . 1 7 as app l ied  to  a d so rp t io n  takes  the  form : -
F(A) = 1 -  V/V^ = 1 -  exp { -  (e /E)^ } 4.20
V = V exp -  (c /E)^ 4.21
Equation 4.21 i s  known as th e  Dubinin-Astakhov (D-A) e qua t ion .
I t s  use can he lp  with  the  unders tand ing  o f  the  Marsh-Rand 
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dev ia t ions  as v a r i a t i o n  o f  n predominantly  a f f e c t s  da ta  a t  
high va lues  o f  e -  which i s  where most d e v ia t io n s  occur 
(except  type C).
Type A p l o t s  can be l i n e a r i s e d  by us ing a value of  n > 2.
This type  of  s t r u c t u r e  i s  t h e r e f o r e  o f  a type which i s  more 
homogeneous than r e q u i r e d  by th e  D-R eq u a t io n .  Such carbons 
would have a narrow pore s i z e  d i s t r i b u t i o n .
Type B p l o t s  r e q u i r e  a va lue  o f  n < 2 f o r  l i n e a r i t y .
As mentioned b e f o r e , t h i s  im pl ies  a wide pore s i z e  d i s t r i b u t i o n  
o r  c o n s id e ra b le  m u l t i l a y e r  fo rm at ion  on open s u r f a c e s .  For 
n = 1 we have the  p a r t i c u l a r  form of  the  D-R equa t ion  f o r  
type B carbons (equa t ion  4 .9).
4 . 4 . 4 .  S t o e c k l i ' s equa t ion
An a l t e r n a t i v e  approach to  the  g e n e r a l i s a t i o n  o f  the  D-R
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equa t ion  has been proposed by S to e c k l i  . In t h i s
he assumes the  D-R equa t ion  to  have genera l  v a l i d i t y  but  t h a t
a d so r p t io n  by a hete rogeneous system i s  de sc r ib ed  by a summation
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of  i n d iv id u a l  d i s t r i b u t i o n s ,  each obeying the D-R equation
2 2and c h a r a c t e r i s e d  by a v a lu e  o f  B (B = 3 /E ) .
By assuming a Gauss ian d i s t r i b u t i o n  o f  B with micropore 
volume the  summation could  be e v a lu a te d  as an i n t e g r a l  to 
give :
V = exp {-B^ Y } exp { Y^A^/2} {1 - erf (x)}/2
where 4.22
Y = (T/3)^ ln^(P^/p), X = (y - B^/A^) A/2%
erf (x) = - erf(-x) and i s  th e  e r r o r  f u n c t i o n ,  B^ and 
A are  r e s p e c t i v e l y  the  maximum and h a l f  width o f  th e  Gaussian 
d i s t r i b u t i o n  of  B.
Sto eck l i  c r i t i s i e s  th e  Dubinin-Astakhov equa t ion  as implying 
a v a r i a b l e  d i s t r i b u t i o n  o f  e y e t  t h i s  i s  what h i s  approach 
does.  I t  does no more than  a l low a wider d i s t r i b u t i o n  o f  
p o t e n t i a l  to  be t r e a t e d  than the  D-R equa t ion  i s  capable  of.
Equation 4.22 i s  a l so  only ab le  t o  cope with systems equal to 
o r  more heterogeneous than those  which f i t  the  Rayleigh 
d i s t r i b u t i o n  e . g .  h igh ly  a c t i v a t e d  carbons .  I t  cannot 
cope with carbons o f  high homogeneity,  un le ss  nega t ive  
va lues  o f  A are  used.  Since the  S to e c k l i  equa t ion  o f f e r s  
no more than the D-A e q u a t i o n , t h e  e x t r a  computation necessary  
ha rd ly  seems worthwhile .
- 5 2 -
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Fig.4 .6  Marsh & Rand Type D-R Plots







5 .1 .1 .  Theory o f  small  angle j ( - ray  s c a t t e r i n g
When a beam of  x - r a y s  pass through an inhomogeneous m a te r ia l  some of 
the  r a d i a t i o n  w i l l  be s c a t t e r e d  to  the  s id e  o f  the  t r a n s m i t t e d  beam. 
This phenomena i s  the  same as the  well  known Rayleigh s c a t t e r i n g  of 
l i g h t  caused by f l u c t u a t i o n s  in  r e f r a c t i v e  index , except t h a t  
the  s c a t t e r i n g  of  x - r ay s  i s  caused by f l u c t u a t i o n s  in e l e c t r o n  
d e n s i ty  on a much s m a l l e r  s c a l e .
The i n t e n s i t y  and angu la r  d i s t r i b u t i o n  of  the  s c a t t e r i n g  w i l l  
depend on the magnitude o f  the  f l u c t u a t i o n s  and the s i z e  o f  the  
reg ions  over which they ex tend .  The i n t e n s i t y  has i t s  maximum a t  
6 = 0  and decreases  as e i n c r e a s e s ,  approaching zero  as the  phase 
d i f f e r e n c e  between the most widely  s e p a ra te d  atoms o f  the  p a r t i c l e  
becomes o f  the  o rd e r  of  2 t t . A usefu l  guide to  the  ex tens ion  o f  
the  s c a t t e r i n g  i s  t h e r e f o r e  given by
where i s  the  l i m i t i n g  angle  f o r  d e t e c t io n  and D the l a r g e s t  
p a r t i c l e  d iameter .  A more thorough d e s c r i p t i o n  o f  small angle x-ray  
s c a t t e r i n g  (SAXS) w i l l  now be given and i t  w i l l  be shown how usefu l 
parameters  r e l a t i n g  to  s t r u c t u r a l  h e t e r o g e n e i ty  can be ob ta ined .
I f  p(x) i s  the  e l e c t r o n  d e n s i t y  a t  a p o in t  def ined  by a v ec to r
(x ) ,  measured from an a r b i t r a r y  o r i g i n ,  the  ampli tude ,  F ( h ) ,  of
132
r a d i a t i o n  s c a t t e r e d  w i l l  be the F o u r i e r  t rans fo rm  of  p ( x ) ,  i . e .  :
- 5 5 -
F(h) -  Fe(h) J p(x) exp Ci h .x )  dVx 5 2
V
where h = Airsine/X,  2e b e in g  the  a n g le  between i n c i d e n t  and
s c a t t e r e d  r a y s ,  dVx i s  the  e lement of  volume V s i t u a t e d  a t  x ,
1
i  = ( - 1 ) 2 ,  Fe(h) i s  the  ampli tude of  s c a t t e r  by a s in g le  e l e c t r o n .
The i n t e n s i t y  of  s c a t t e r ,  1 ( h ) ,  i s  then :
1(h) = F+(h)F(h) = Ie (h )  /  exp( ih . ; )dVr
5. 3
F^(h) i s  the  complex conjugate  of F ( h ) , r  i s  a v e c to r  connecting two 
po in ts  in the  s o l i d  de f ined  by t h e i r  v ec to r s  x  and Cx + r ) .  I e ( h )  
i s  the  i n t e n s i t y  o f  s c a t t e r  from a s i n g l e  e l e c t r o n  a t  a d i s ta n ce  d 
from the  sample,  given by the  Thompson equa t ion  :
I (h) = 7 . 9 0  X 10"2G I  5.4
e o
where i s  t h e  i n c i d e n t  beam i n t e n s i t y ,  P i s  the  p o l a r i s a t i o n  
2
f a c t o r ,  (1 + cos 20 ) / 2 ,  which i s  e s s e n t i a l l y  u n i ty  f o r  SAXS.
The e s s e n t i a l  problem now i s  t h a t  we do no t  know the form of  the
p(x) d i s t r i b u t i o n  and so cannot ev a lu a te  the  i n t e g r a l s .  To avoid t h i s
problem the  d e n s i ty  d i s t r i b u t i o n  i s  c h a r a c t e r i s e d  by what Debye and 
133 134.135
Bueche c a l l  a c o r r e l a t i o n  fu n c t io n  and Porod terms a
c h a r a c t e r i s t i c  fun c t io n  - yCr).
- 5 6  —
5 .1 .2 .  C o r r e l a t i o n  Function
Consider a he te rogeneous s o l i d  as having an average e l e c t r o n i c  d en s i ty  
p ,  on which are  superimposed lo c a l  v a r i a t i o n s ,  n» which w i l l  be 
p o s i t i v e  o r  n eg a t iv e  such t h a t  they  average out to  be p .  I f  we have 
two p o i n t s ,  1 and 2 , s ep a ra te d  by a d i s t a n c e ,  r ,  and take the product 
of  t h e i r  f l u c t u a t i o n s  may ob ta in  a l a rge  number o f  values
fo r  the  p roduc t  by moving the  p o in t s  around, bu t  keeping ^ f i x e d .
The average value  can be de s igna ted  This average
w i l l  depend on the d i s t a n c e  r  such t h a t  when r  = 0,
equal n ^ , which i s  the  average ampl itude  o f  f l u c t u a t i o n  over the  whole
s o l i d .  For l a rg e  values  o f  r  the  average p roduct  w i l l  be zero  s ince
n-j and w i l l  vary independen t ly .
In general  t h e n ,  • w i l l  be a func t ion  of  r  which w i l l  begin
*"2with n f o r  r  = o and go to  zero  in some,as y e t  undetermined, 
fash ion  with  i n c r e a s in g  values  o f  r .  The c o r r e l a t i o n  func t ion  i s  used 
to  de termine the  fa sh ion  in which changes with r  :
“2(n^n2 )av = y (r )  n 5.5
f o r  a two phase m a te r i a l  y ( r )  may be thought o f  as being the
p r o b a b i l i t y  t h a t  p o in t s  1 and 2 l i e  in the  same phase when s ep a ra te d  by a 
d i s t a n ce  r .
I f  we d e f in e  p(x) in terms of  the  average e l e c t r o n i c  d e n s i t y ,  p,  
and i t s  d e n s i t y  f l u c t u a t i o n  n(%) then
pCx) = p + n(x)  5.6
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and 5.3  becomes :
1(h)  -  leCh) ^  J l p  + n(x))(.p + n(x+r))  expCih'r)  dVx dVr
when 5 .7  is  f a c t o r i s e d  the term n (x )n (x  + r )  i s  dominant so t h a t
1(h) = I e (h )  j  /n (x )n (x  + r)  dVx exp(ih*r)dVr  
^ 5 .8
from 5 .5  i t  can be seen t h a t  :
J * n(x)  n (x  + r)  dVx = y(r )  n^V 5.9
thus 5.8  becomes :
1(h)  = Ie(h)n^ V ^^(r)expCih*r)dV^ 5.10
V
I f  the  m a te r i a l  i s  i s o t r o p i c  y(rO w i l l  only depend on the magnitude of  
r  and a t  la rg e  r , t e n d  t o  z e r o ,  thus  5 . 1 0 may be s i m p l i f i e d  and 
reduced from a volume i n t e g r a t i o n  to  an i n f i n i t e  one dimensional one :
 ̂ 2 . . s i n ( h r )  ,
1 (h)  = Hirle(h)n V 5.11
o
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For a two phase system i t  i s  e a s i l y  shown t h a t  the  mean f l u c t u a t i o n ,  
n, i s  r e l a t e d  to  the t o t a l  d e n s i ty  d i f f e r e n c e ,  Ap, between the two 
phases by :
= Ap^ C( 1  -  c) 5 1 2
- 5 8 -
where c i s  the  volume f r a c t i o n  o f  one of  the  phases , thus  :
1(h)  = i+TTleCh)Ap^C(l -  C) V r \ ( r )  d r  5 . 1 3
0
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Debye, Anderson and Brumberger have shown t h a t  the  su r face  a rea  per  
u n i t  volume, s / v ,  of  the  two phases can be found from ;
S/V = -4  C(1 -  C) Y’ (0) 5.14
where y ’ (o) i s  the  g ra d ie n t  of the  c o r r e l a t i o n  curve a t  r  = 0 .
Using equat ions  5.13 and 5.14 they a l so  showed t h a t  a t  l a rg e  s c a t t e r i n g  
angles the  i n t e n s i t y  decreases  p r o p o r t i o n a l l y  t o  h ^ and t h a t  
i t  i s  d i r e c t l y  r e l a t e d  to  the  su r f a ce  area  :
l im  1 (h )  ~  Ie(h)2wAp^S ^ , j.
h ^  « . 4  3 .15
h
134,135
The h~^ dependence was f i r s t  deduced by Porod and so i s  r e f e r r e d  to  
as Porod 's  Law.
C le a r ly ,  use of  5 .1 5 to  ob ta in  values  o f  su r f a c e  a rea  i s  d i f f i c u l t  
because the  i n c i d e n t  beam i n t e n s i t y  and i r r a d i a t e d  volume are  r e q u i r e d .  
Because these  va lues  are  o f ten  not e a s i l y  ob ta ined  exper im en ta l ly ,  Porod 
in t roduced  a no rm a l i sa t io n  procedure to  avoid th e se  measurements.
Porod m u l t i p l i e d  5.13 by h then F o u r ie r  i n v e r t e d  i t  to  y i e l d  the  
c o r r e l a t i o n  func t ion  :
- 5 9 -
/ ^ 2 n ^ I e C h ) V  A p ^  C C I  -  j Ty C r )  ^  i y p T T " 0 ( 1 C) |  /  h ^ I ( h )  d h
5.16
Since y (r )  and s i n ( h r ) / h r  tend to  un i ty  as r  tends t o  z e r o ,  5.16 
becomes :
27T^Ie(h)Ap^V C(1 -  C) -  h ^ I ( h )  dh 5.17
0
s u b s t i t u t i n g  5.17 i n t o  5.15 gives  :
s /v  = 7T 0(1 - 0) I ( h ) h y  y *  h ^ I ( h )  dh 5.18
Porod a l so  showed how to  ob ta in  a l i n e a r  parameter ,  , which he
c a l l e d  the d i s t a n c e  of  h e te r o g e n e i ty  and def ined  as
2y *  y (r )  dr 5.19
0
i s  the average length  o f  a l l  l i n e s  con ta ined  in the  p a r t i c l e s  and 
thus (as i n d i c a t e d  by 5 . 19)  i s  ob ta ined  by i n t e g r a t i o n  o f  5.16
= l / ^ iT le (h )V  Ap^ 0(1  -  0)J y *  h l ( h )  dh 5.20
5 . 2 0 i s  made e a s i e r  f o r  use by s u b s t i t u t i o n  of  5.17 to  give :
= n y  h l ( h )  dhy h f l ( h )  dh 5.21
0 0
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Kuroda has shown t h a t  f o r  sp h e r ic a l  p a r t i c l e s  & is  r e l a t e d  to  the  
mass averaged d iam e te r ,  D, by :
- 6 0 -
&C ^ 3 / 4  D 5 . 2 2
Use of  equa t ions  5 .18  and 5.21 both involve  i n t e g r a t i o n s
over the whole s c a t t e r i n g  curve .  This i s  d i f f i c u l t  s ince  only a
l im i t ed  an gu la r  range i s  measurable .  At low angles  th e re  i s  not so much of
a problem s in ce  h i s  small and in a cc u ra c ie s  t h e r e f o r e  not too  im por tan t .
G u in ie r ' s  approximation i s  f r e q u e n t ly  used f o r  t h i s  range.  At high
an g les ,  however,  measurements must be made with high accuracy. Again
we are  l i m i t e d ,  t h i s  t ime by the  presence o f  the  (002) Bragg
138
r e f l e c t i o n  ( in  carbon) .  A method due to  Gerold i s  used in t h i s  
region,which improves the  accuracy.
I f  the  s c a t t e r i n g  p a r t i c l e s  are  random in s i z e  and shape, Debye,
136
Anderson and Brumberger have shown t h a t  the  c o r r e l a t i o n  func t ion  
assumes an ex p onen t ia l  form :
y (r )  = exp ( -  r /a )  5.23
a i s  termed the  c o r r e l a t i o n  d i s t a n c e .
Use of 5.23 now allows equa t ion  5.13 to  be i n t e g r a t e d  to  y i e l d
_ Bmlga^Ap^ C(1 -  C) V _ A
 ̂ /   “   5 24
(l .hV)2 ( l . h V /
The parameter ,  a, can be determined by a p l o t  o f  iCh)  ̂ a g a in s t  
2
h when
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a -  Cslope/Intercept)^ 5.25
In the case o f  an ex p onen t ia l  c o r r e l a t i o n  func t ion  5.14 becomes
s / v  = ^ -  C) 5.26
and 5.19 becomes
= 2a 5.27
I f  the h e t e r o g e n e i t y  i s  t r u l y  random the methods of  Debye and
Porod should  y i e l d  the same r e s u l t s .  Such agreement has been found
139
f o r  the  s u r f a c e  a rea  o f  a carbon b lack by Williams and f o r  
carbon f i b r e s  by Johnson and Tyson
I f  the vo lum etr ic  f r a c t i o n  o f  one phase i s  known th e n ,  in  a d d i t i o n  to
S /v ,  the mean chord i n t e r c e p t  leng th  in the  m a t r ix ,  z , and a s i m i l a r
m
length  f o r  the  p o r e s ,  z  , can be found from :
P
= a/C 5.28
■̂p ~ 3-/(1 C) 5.29
where c i s  now the volume f r a c t i o n  o f  pores .
The method o f  Debye e t  a l  c l e a r l y  o f f e r s  a method o f  o b ta in in g  usefu l  
parameters from a sys tem, w i thou t  the  need f o r  abso lu te  i n t e n s i t y  
measurements o r  time consuming i n t e g r a t i o n s  over undetermined reg ions
- 6 2 -
Such a t echn ique  i s  a l s o  useful when exper imenta l  appara tus  i s  such 
t h a t  very low ang le  measurements are  not p o s s i b l e ,  as was the  
case in t h i s  s tu d y .  The only cond i t ion  to  be s a t i s f i e d  i s  t h a t  the  
s c a t t e r i n g  p a r t i c l e s  be random in s i z e  and shape.  This can be checked 
by the l i n e a r i t y  o f  the  1(h) ^ p l o t .
5 .1 .3 .  S l i t  C o r rec t io n s
I t  must be p o in te d  out t h a t  the equat ions  de r ived  so f a r  are  v a l id  only 
f o r  p o in t  c o l l im a te d  beams ( e .g .  in p in -ho le  cameras) but much use 
i s  made o f  s l i t  c o l l im a te d  r a d i a t i o n  s ince  t h i s  a f fo rd s  the  h ig h e r  
i n c id e n t  i n t e n s i t i e s  as r e q u i r e d  f o r  counter  systems.
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U n f o r t u n a t e ly , s l i t s  d i s t o r t  the  s c a t t e r e d  p r o f i l e  (see  Ri ley)  . Whils t  
c o r r e c t io n  p rocedures  e x i s t  they are  t ed ious  and can o f ten  in t roduce  
e r r o r s .  I t  i s  f o r t u n a t e ,  t h e r e f o r e ,  t h a t  the  s l i t  length  ( a l s o  c a l l e d  
he igh t )  d i s t o r t s ( o r  "smears")  the  p r o f i l e  in a p r e d i c t a b l e  way.
At high ang les  th e  s l i t  co l l im a ted  i n t e n s i t y ,  J ( h ) ,  fo llows a h ^
142
dependence s i n c e ,  as shown by Guin ie r  and Fournet  :
l im J(h)h^ = I  lim I(h)h^ 5.30
5 . 1 5 t h e r e f o r e  becomes :
l i m  J ( h ) ^  I ^ ( h ) A p ^ S  
h-x» h^
Porod 's  e q u a t io n  5.18becomes :
5 . 3 1
- 6 3 -
90
S/V -  4 CCI -  C) lim JCh) h y  y  hJCh) dh 5.32
h-x»
and 5.21 becomes
= 2 /  JCh) dh/  J  hJ(h) dh 5.33
O o
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Williams has shown t h a t  the  Debye equat ion  5 .24  becomes :
3 8tt^ I e ( h )  Ap^Cd -C) V
The s lope  and i n t e r c e p t  from a p l o t  of  (J(h)) ^^3 thus  y i e l d s  a ,  
as b e fo re ,  from 5 .25 ,
A f i n i t e  s l i t  width a l so  produces a b e r r a t i o n s  though not  as s e r io u s
as the s l i t  l e n g th .  This e r r o r  i s  mostly im por tan t  a t  very low
143
angles and would r e q u i r e  c o r r e c t io n  i f  Porod‘s Method was used. At 
h ighe r  angles  the  e f f e c t  i s  n e g l i g i b l e  and so was ignored in the  
p re sen t  work.
5 .1 .4 .  Other methods
Besides the  c o r r e l a t i o n  func t ion  approach the  o t h e r  major method of
144analys ing  SAXS i s  due to G uin ie r  . He demonstrated  t h a t  f o r  
s p h e r i ca l  p a r t i c l e s  the  i n t e n s i t y  a t  low angles  can be well  approximated
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by a Gaussian fu n c t io n  of the  form
lim 1 ( h ) =  IgCh) N Ap^Vp  ̂ exp C-h^R^/5) 5.35
h^O P
where R i s  the  r a d iu s  of  the  p a r t i c l e  and Np i s  th e  number o f  p a r t i c l e s  
of volume Vp.
To g e n e r a l i s e  f o r  non -sphe r ica l  p a r t i c l e s  he used the  concept  of 
rad ius  of  g y r a t i o n ,  Rg, about i s  e l e c t r o n i c  c e n t r e  o f  mass,  so 5.35 
becomes
l im  ~  I e ( h )  NpAp^Vp^ e x p ( -  h^Rg^/3) 
h-KD 5.36
and R = ( 5/3)2 Kg = 1 .29  Rg 5.37
I f  i n l ( h )  i s  p l o t t e d  a g a i n s t  the  s lope  w i l l  y i e l d  Rg.
The a p p l i c a t i o n  o f  G u i n i e r ' s  equat ion  i s  r e s t r i c t e d  to  r e l a t i v e l y  idea l  
systems s in c e  i t  invo lves  the  assumptions t h a t  the  p a r t i c l e s  a re  non­
i n t e r a c t i n g ,  uniform in  s i z e  and o f  i d e n t i c a l ,  known, shape.  The 
e f f e c t  of i n t e r p a r t i c l e  i n t e r f e r e n c e  (which occurs  in c o n cen t ra ted  
d i s p e r s io n s )  i s  to  depress  s c a t t e r i n g  a t  low angles  and so the  value 
o f  Rg. This i s  im por tan t  as G u in i e r ' s  approximation i s  only v a l i d  as 
h -> 0. Measuring in t h i s  range i s  ex p e r im en ta l ly  d i f f i c u l t  and the
345c o r r e c t io n s  f o r  i n t e r f e r e n c e  d i f f i c u l t  (bu t  can be done - see RothwellJ 
P o l y d i s p e r s i t y  (va ry ing  p a r t i c l e  s i z e )  i s  o f ten  i n d i c a t e d  by non­
l i n e a r  G u in ie r  p l o t s  and the  above approach then reduces  to  a 
"method o f  t a n g e n t s " .
-  6 5  —
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In o rde r  to  make allowance f o r  p o ly d i s p e r s i t y  both Hosemann and 
147
Shull  and Roess assumed a Maxwellian p a r t i c l e  s i z e  d i s t r i b u t i o n ,  
In t h i s  case  the  s c a t t e r e d  i n t e n s i t y  is  given by :
I (h )   ̂ leCh) Np Ap^Vp^ [ l  + — 5.38
The d i s t r i b u t i o n  i s  then def ined  by Rg and n where Rg i s  th e  mass 
averaged ra d iu s  o f  gy ra t ion  and n i s  a measure o f  the  d i s t r i b u t i o n  
wi dth .
2
I f  i (h )h  i s  p l o t t e d  a g a in s t  h a maximum should occur a t  where
hjn = l /Rg {6 /(n  + 2 ) }  5.39
A tangen t  t o  the  p o i n t  of i n f l e c t i o n  a t  high h should  i n t e r s e c t  the  x -ax is  
a t  a p o in t  then :
where g i s  th e  p o l y d i s p e r s i t y .  The value f o r  Rg can be ob ta ined  
from 5.39 and 5 ,40 .
Shul l  and Roess rea r ranged  5.38 to obta in
2 ,  3 / -  1 5.411(h) = K [h^ t  3/Rg]
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Their  method then invo lves  p l o t t i n g  log l ( h )  -  logCh^ + a) 
and vary ing a u n t i l  a s t r a i g h t  l i n e  i s  o b ta ined .  Rg i s  then 
ob ta ined  from t h a t  value of a by
Rg = ( 3 / a ) ^  5.42
A method f o r  g e n e r a l i s i n g  G u in i e r ' s  equa t ion  by using a d i s c r e t e
148
d i s t r i b u t i o n  was developed by J e l l i n e k  and Fankuchen . In t h i s  case
1(h )  = K][M(Ri)Ri^'  e x p ( - h ^ R i^ /3 )  5.43
2
An a n a ly s i s  o f  the  l o g i ( h )  - h  p l o t  in terms o f  5 .43  then y i e l d s  a 
d i s t r i b u t i o n  o f  the  mass f r a c t i o n  of  p a r t i c l e s  o f  rad ius  Ri -  M(Ri).
137
Kuroda c a r r i e d  ou t  such an a n a ly s i s  f o r  two carbon b lacks  and found a 
bimodal d i s t r i b u t i o n .  Th is ,  t o g e t h e r  with a discrepancy
between e l e c t r o n  microscope r e s u l t s  and those  o f  Hosemann's approach 
led him to  su g g es t  t h a t  the  Maxwellian d i s t r i b u t i o n  was i n a p p ro p r i a t e  fo r  
such carbons .
I f  the  i n c i d e n t  beam i n t e n s i t y  i s  known, t o g e t h e r  with Ap, both the
s p e c i f i c  a rea  and p a r t i c l e  s i z e  d i s t r i b u t i o n  can be o b ta ined  by a
149
method due t o  E lk in ,S h u l l  and Roess . The method i s  based upon the
above e qua t ions  and the  i n t e r e s t e d  r e a d e r  i s  d i r e c t e d  to  t h e  o r ig i n a l
150
paper  o r  Hosemann and B ag ch i ' s  book
The t r ea tm en t  o f  d a ta  to  y i e l d  p a r t i c l e  s i z e  d i s t r i b u t i o n  has seen some 
re c e n t  advances with  the work o f  Vonk  ̂% ^ H is  method has been app l ied
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t o  carbons by Wang e t  a l  but r e q u i r e s  cons ide rab le  computation 
and h a s ,  as y e t ,  not been proven e f f e c t i v e  on well  c h a r a c t e r i s e d  
m a t e r i a l s .  I t  a l s o  r e l i e s  upon a number of  n o t - a l t o g e t h e r  v a l i d  
a ssum pt ions .
Because most o f  the  above methods are  only a p p l i c a b le  to  d i l u t e  
sys tems ,  r e q u i r e  measurement a t  low angles  or involve  i n v a l i d  
assumptions  they were no t  used in t h i s  s tudy .  The da ta  obta ined
in t h i s  work was t r e a t e d  by the  method of  Debye and co-workers ,
modif ied  to  cope with  s l i t  co l l im a ted  r a d i a t i o n .  I t  i s  f e l t  t h a t
t h i s  approach i s  well  s u i t e d  to  the  s tudy o f  carbon m ic ro s t ru c tu re ,
~6 8 —
5 . 2 . 1 . Wide ang le  x - ray  d i f f r a c t i o n
X-ray d i f f r a c t i o n  (XRD) i s  a usefu l  technique  f o r  examining the 
degree o f  o r d e r  and p e r f e c t io n  o f  the  atomic arrangements  w i th in  a 
carbon.
The d i f f r a c t i o n  p a t t e r n s  observed f o r  n o n -g r a p h i t i z e d  carbons 
(as in t h i s  s tudy)  are  composed o f  a few broad ,  asymmetric 
peaks which f r e q u e n t ly  over lap  one an o ther  (see  f i g s .5.1 and 5 .2 ) .  
Such a p a t t e r n  sugges ts  a t u r b o s t r a t i c  carbon o f  small c r y s t a l l i t e  
s i z e .
For the c e l l u l o s e  carbons examined here only t h re e  peaks were 
o b se rv ab le .  The s t r o n g e s t  occurs a t  about 2e = 22° and corresponds 
to  the (002) r e f l e c t i o n .  The second,  somewhat weaker one ,  occurs 
a t  43 .5°  and i s  very asymmetric with a t a i l  ex tending  to  h ighe r  
ang les .  This peak corresponds  to  a combination of  the  (10) and 
(004) r e f l e c t i o n s .  Because o f  t h e i r  c l o s e n e s s ,  and low i n t e n s i t y ,  
r e s o l u t i o n  was not p o s s ib le  t h e r e f o r e  La and d^^ were not ob ta ined .  
The t h i r d  peak occurs a t  2e = 7 9 ° , and i s  very weak, only being of
useable  i n t e n s i t y  f o r  the  2500 K g la ssy  carbon. This i s  due to  
the  (11) peak w i t h ,  perhaps ,  some c o n t r i b u t i o n  from the (006)
(but t h i s  seems u n l i k e l y ) .
The (002) peak i s  comparatively  easy to analyse  but would y i e l d  
m is lead ing  r e s u l t s  i f  used in i t s  raw form. The peak i s ,  in f a c t ,  
modif ied by the  fo l lowing  e f f e c t s  :
1, Compton, o r  i n c o h e r en t ,  s c a t t e r i n g
- 69 .
2, Small angle  s c a t t e r i n g  (SAXS)
3, The Lorentz e f f e c t .
4,  The p o l a r i z a t i o n  e f f e c t .
5,  V a r ia t io n  o f  the  atomic s c a t t e r i n g  f a c t o r  across  the  peak.
To ob ta in  the  pure d i f f r a c t i o n  p r o f i l e  allowance must be made fo r  
these  e f f e c t s .  A g raph ica l  method was proposed by Shor t  and Walker^^^, 
which was found t o  be quick and usefu l f o r  i n t e r n a l  comparison 
of  i s o c h r o n a l l y  h e a t - t r e a t e d  carbons.  U n f o r t u n a t e ly , t h i s  method 
was found inadequate  when app l ied  to  a c t i v a t e d  carbons ,  where high 
p r e c i s io n  and acc u ra te  background compensation are  e s s e n t i a l  fo r  
meaningful r e s u l t s  to  be ob ta ined .  The adopted procedure w i l l  
now be d e sc r ib e d .
5 . 2 . 2 .  Compton s c a t t e r i n g  
Compton, o r  i n c o h e r e n t ,  s c a t t e r i n g  i s  due t o  the  exchange of 
energy and momentum between an in c i d e n t  photon of wavelength. X 
and an e l e c t r o n .  The e l e c t r o n  i s  ex p e l l ed  from the  atom and the  photon 
has ,  a f t e r  the  c o l l i s i o n ,  a s l i g h t l y  s m a l l e r  energy , i e .  a longer  
wavelength x ' .  The wavelength change i s  given by
AX = X* “ X — —  (1  -  Cos 20) 5.44me
where h i s  P lan ck 's  c o n s t a n t ,  m i s  the  mass of an e l e c t r o n  and 
c i s  the  speed o f  l i g h t ,  h/mc = 0.02426 8.
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Because o f  the  changed wavelength  the  Compton r a d i a t i o n  w i l l  no t
c o n s t r u c t i v e l y  i n t e r f e r e  to  enhance the  Bragg r e f l e c t i o n s  and so
c o n s t i t u t e s  a background i n t e n s i t y  which in c re a s e s  with  a ng le .
The wavelength  change i s ,  u n f o r t u n a t e l y ,  so small t h a t  i t  cannot be
f i l t e r e d  out by convent ional  pu lse  h e ig h t  a n a ly s i s  a l though 
155,156
Ergun cla ims to  have e x p e r im en ta l ly  e l im in a ted  i t  from Ag Ka 
by use o f  ba lanced  f i l t e r s .
Quantum mechanical  c a l c u l a t i o n s  show t h a t  the  I n t e n s i t y ,  in e l e c t r o n  
u n i t s ,  i s  given by
L n c  = K ( Z -  F) 5.45
where z i s  the  s am ple ' s  atomic number and F depends on the  element  and
s c a t t e r i n g  ang le .  R i s  the  B r e i t - D i r a c  r e c o i l  f a c t o r  which was e s t a b l i s h e d  
157
by B r e i t  by tak ing  i n t o  account  the  r e c o i l  v e l o c i t y  o f  the  e l e c t r o n  
a f t e r  c o l l i s i o n .  R i s  commonly taken as ( x / x ' ) ^  bu t  as po in ted  out
158 ]59
by Keating and Vineyard and Ergun t h i s  only a p p l i e s  to  i n t e n s i t y  
d e t e c t o r s , w h i l s t  f o r  photon counters  ( e . g .  p ro p o r t io n a l  coun te r s )  the 
c o r r e c t  form i s  ( x / x ' ) Z .  B r e i t  showed t h a t  R was given by :
fo r  Cu Ka (X= 1.54 8 ) .
/S in e \
\ ~ )
1/R  ̂ 1 + 0 . 0 7 4 4  5.47
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The values  o f  F used were those  ob ta ined  by Keating and Vineyard 
f o r  carbon in the cova len t  s t a t e  and R was c a l c u l a t e d  from 5.47.
I t  should  be po in ted  out t h a t  the  da ta  given in the  In t e r n a t io n a l  
Tables f o r  x - r a y  c ry s ta l log raphy^ ^^appea rs  to  be in e r r o r  as
i s  quoted but no wavelength i s  given.From 5.46 i t  can be seen 
t h a t  R i s  wavelength dependent and examinat ion o f  the o r ig i n a l  
sources  shows the quoted values  a r e ,  in f a c t ,  only which do 
not  in c lu d e  the  B r e i t -D i ra c  f a c t o r .
As with coheren t  r a d i a t i o n  the  Compton s c a t t e r i n g  i s  a f f e c t e d  by the 
p o l a r i s a t i o n  e f f e c t  so t h a t  the  observed i n t e n s i t y  i s  given by :
j  -  Q 1 1 + Cos 29 I j- inc
i n c  \  2 J — —  5.48
where c i s  a c o n s ta n t  which conver ts  e l e c t r o n  u n i t s  to  exper imental  
u n i t s .  Values o f  { ( l  + Cos228) iinc}/2R are  t a b u l a t e d  in appendix B.
To f i n d  C we note  t h a t  the  (cohe ren t )  atomic s c a t t e r i n g  f a c t o r  
decreases  with angle w h i l s t  the  inco h e ren t  s c a t t e r i n g  in c rease s  
( c f .  Equation5.45). The i n t e n s i t y  was t h e r e f o r e  measured a t  a high 
ang le ,  devoid o f  Bragg r e f l e c t i o n s ,  and assumed to  be wholly incoheren t .  
This ang le  was taken as 100° 29 bu t  even a t  t h i s  angle the  SAXS 
can s t i l l  c o n t r ib u t e  up to  60% of  i n t e n s i t y ,  hence t h i s  was s u b t r a c t e d ,  
as shown l a t e r ,  c i s  t h e r e f o r e  given by :
C = '  '"sAXS ) 5.49
i n c  \
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o r ,  f o r  carbon a t  100°2p, us ing CuKct
C 0 .42  ^ 5.50
5 . 2 . 3 . SAXS C orrec t ion
The t a i l - e n d  o f  the  SAXS approximates to  Porod‘s law and even though
a g r a d i e n t  of  -3 i s  no t  ob ta ined  i t  s t i l l  gives  a l i n e a r  i n i
vs i n 2 e p l o t .  Such p lo t s  were made f o r  the  angular  reg ion  up to
8°20  ( t o  avoid  i n t e r f e r e n c e  from the ( 002) peak) and e x t r a p o la t e d  to  the
h ig h e r  an g le s .  From these  p lo t s  the  i n t e n s i t y  of SAXS over the
whole (002) p r o f i l e  could be found and s u b t r a c t e d .  The i n t e n s i t y
a t  100° 2e was used f o r  c o r r e c t in g  the Compton s c a t t e r i n g .
5 .Z . 4. Lorentz  f a c t o r
The Lorentz  f a c t o r  i s  necessary  because the i n t e n s i t y  o f  a r e f l e c t i o n  
i s  p r o p o r t io n a l  to the time during which the c r y s t a l l i t e s  are  in 
a p o s i t i o n  to  r e f l e c t .  The r e l a t i v e  r a t e s  in which the  r e f l e c t i n g  
o r i e n t a t i o n  i s  passed through v a r i e s  wi th  angle  such t h a t  
r e f l e c t i o n s  a t  small and la rg e  Bragg angles  are  enhanced with r e s ­
pec t  t o  the  o th e r s .
The a c tu a l  form of the f a c t o r  used depends upon the exper imenta l  
mode employed but f o r  d i f f r a c to m e te r s  c o n s id e ra b le  d ispu te  e x i s t s  
amongst var ious  workers .  D.J .  Johnson^^^em pir ica l ly  uses
162
Sin28 c la iming t h i s  to  be most r e a l i s t i c , w h i l s t  R.H. Bragg 
2
uses Sin  e ,as  do a few o t h e r s .  The problem was e x t e n s iv e ly
163,164 2
examined by Pike and Ladell  who sugges ted  Sin  ecose
165
as the  c o r r e c t  form. Wilson a l so  sugges ts  t h i s  form and poin ts  out 
t h a t  i t  makes some allowance f o r  a b s o r p t io n .  The Lorentz f a c t o r
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was t h e r e f o r e  t ak en ,  In t h i s  work, as S in^ecosp.
5 . 2 . 5 . P o l a r i z a t i o n  f a c t o r
When th e  i n c i d e n t  r a d i a t i o n  i s  u n p o la r ized  the  component p a r a l l e l  
t o  the  r e f l e c t i n g  planes  is  f u l l y  r e f l e c t e d  but the  amplitude of  
the  p e r p e n d ic u l a r  component i s  reduced by a f a c t o r  of  Cose,  or  i t s  
i n t e n s i t y  by Cos^e .  t h i s  i s  due to  the  p o l a r i s i n g  e f f e c t  of r e f l e c t i o n ,  
The p o l a r i s a t i o n  c o r r e c t i o n  f a c t o r  i s  t h e r e f o r e  ( i  + C os^e) /2 .
5 . 2 . 6 . V a r i a t i o n  of atomic s c a t t e r i n g  f a c t o r
The e f f i c i e n c y  with which an e l e c t r o n  r e f l e c t s  an x -ray
photon v a r i e s  with  the angle between the  i n c i d e n t  and r e f l e c t e d
beams such t h a t  a t  e = 0 the s c a t t e r i n g  o f  an atom,in e l e c t ro n
un i t s ,  i s  equal t o  the  number o f  e l e c t r o n s  in  i t ,  i . e .  i t s  atomic
number. As the angle in c re a s e s  the  s c a t t e r i n g  power d ec rea se s ,  hence
i t s  a tomic s c a t t e r i n g  f a c t o r ,  f ,  d e c r ea se s .  The i n t e n s i t y
o f  r e f l e c t i o n  w i l l  be ob ta ined  from f ^ .  Tables o f  f  are 
166
a v a i l a b l e  and were used in t h i s  s tudy .  Because of i t s  b re a d th ,  
account shou ld  be taken o f  the  v a r i a t i o n  o f  across  the  p r o f i l e  
of the  ( 002 ) peak.
To summarise,  the  c o r r e c t io n  procedure  amounted to  :
1, s u b t r a c t i o n  o f  SAXS and in c o h e r en t  s c a t t e r i n g
2, M u l t i p l i c a t i o n  by ( i  t  Cos^2 e ) f ^ / S i n ^ e c o s 0
The a n g u la r  dependent f a c t o r s  are  t a b u l a t e d  in Appendix B.
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Saxena and Bragg I n i t i a l l y  claimed c o r r e c t i o n s  f o r  broadening and
d isp lacem ent  due to  low specimen ab so rp t io n  were unnecessary  but t h i s
was l a t e r  r e v o k e d S u c h ,  c o r r e c t io n s  a re  ve ry  d i f f i c u l t  to  apply
in t h i s  work s in ce  the  e f f e c t i v e  specimen th ic k n e s s  i s  unknown.
Because the  o v e ra l l  t r ends  would remain u n a f f e c t e d ,n o  absorp t ion
c o r r e c t i o n  was made. Ins t rumenta l  broadening  was a l so  ignored as
peaks a re  very wide^^^.
Having r e c o n s t r u c t e d  the c o r r e c t e d  (002) p r o f i l e  the  i n t e r p l a n a r
c spac ing  i s  found from
d = X/2 Sin0 5.51
002
w h i l s t  the  c r y s t a l l i t e  s i z e ,  p e rp e n d ic u la r  to  th e  l a y e r - p l a n e s ,  
i s  given by th e  S c h e r re r  equat ion^^^
T = 57.3 K X 5 . 5 2
c 3 Cos 6
where K i s  the  S c h e r re r  cons tan t ,w h ich  depends upon the  p a r t i c u l a r
r e f l e c t i o n , a n d  was taken  as 0.89 f o r  the  c - a x i s  dimension, according 
48to  Warren . 3 i s  the  peak width a t  h a l f  h e i g h t ,  i n  26 degrees .
Determining the  p eak ' s  p o s i t i o n  p re sen ts  a problem s in c e  th e  ac tu a l
peak i s  rounded and r a t h e r  f l a t ,  hence the  peak p o s i t i o n  is
165
u n c e r t a i n .  Various c e n t r o id  d e f i n i t i o n s  e x i s t  from which i t  was 
decided to  use the  midpoint  of  the  p r o f i l e  a t  h a l f  b read th  -  t h i s  
being well  d e f in e d .  A s l i g h t  asymmetry o f  the  p r o f i l e  r e s u l t s  in 
t h i s  p o s i t i o n  g iv ing  a s l i g h t l y  l a r g e r  i n t e r l a y e r  spacing than 
from p o s i t i o n s  h ighe r  up the  peak, but th e  e f f e c t  i s  small (ca .  0.001  nm)
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5.3  X-ray exper imental
Both wide and small ang le  d i f f r a c t i o n  d a ta  were ob ta ined  with  a 
P h i l i p s  PW 1050 goniometer  d i f f r a c t o m e t e r .  The d e t e c t o r  was a 
xenon f i l l e d  p ro p o r t io n a l  c o u n te r  l in k ed  to  a PW 4620 ra tem ete r  
and pu lse  he ig h t  d i s c r i m i n a t o r .  The r a d i a t i o n  used was n ickel 
f i l t e r e d  copper  Ka(0.1542 nm) genera ted  in  a P h i l i p s  PW/1010/80, 
opera ted  a t  40 kV and 20 mA. Sol 1er s l i t s  t o g e th e r  with 1° 
d ive rgence ,  0 . 1° r e c e iv in g  and 1° a n t i - s c a t t e r  s l i t s  were used.
In o rd e r  to  permit  measurements a t  lower ang les  var ious  combina­
t i o n s  o f  narrower s l i t s  were t r i e d  bu t  r e s u l t e d  in  an unacceptable  
lo s s  in  i n t e n s i t y , a n d  only al lowed an ang le  of  1° to  be 
ach ieved .  Bearing in  mind th e  high ang le  to  which SAXS was 
observed the  above s l i t s  were t h e r e f o r e  found to  be the  optimum.
A blank t r a c e ,  with no specimen, was used to  c o r r e c t  th e  small 
angle  d a ta  f o r  d i r e c t  beam, p a r a s i t i c  and a i r  s c a t t e r .  The 
minimum angle  o f  measurement was 2 .5 °  20.
The specimens were in  the  form o f  "as made" c y l i n d r i c a l
s o l i d  p e l l e t s .  The x - r ay  beam was r e f l e c t e d  from a f l a t  
c i r c u l a r  s u r f a c e .  This was found to  be more rep ro d u c ib le  than 
with  powder specimens.
For high accuracy  work a c h a r t  speed o f  0 .5  cm/min and scan speed
of  0 .5 ° /m in  were used.  Sca les  were changed to  main ta in  a high
s i g n a l .
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CHAPTER 6





Many o f  th e  s t r u c t u r a l  changes which form the  b a s i s  o f  t h i s  s tudy 
occur in  the  l a t t e r  p a r t  o f  secondary  c a r b o n i s a t i o n .  I t  i s  useful 
to  be ab le  to d i f f e r e n t i a t e  between changes caused by cont inued  loss  
o f  he te roe lements  and changes o c c u r r in g  in  th e  b a s ic  carbon s t r u c t u r e  
This r e q u i r e s  knowledge o f  the  l i m i t i n g  tem pera tu re  a t  which c a r ­
b o n i s a t io n  can be cons ide red  comple te .  Thermogravimetry i n d ic a te d  
t h a t  weight lo s s  con t inued  beyond 1270 K t h e r e f o r e  two methods were 
used to  e v a lu a te  he te roe lem en t  e x p u l s io n  a t  h ig h e r  tempera tures  -  
e lemental  (CHO) a n a l y s i s  and mass s p e c t r o s c o p i c  evolved gas a n a l y s i s .
6 . 1 . 1 .  Elemental Analysis
The r e s u l t s  o f  a CHO a n a l y s i s  f o r  h e a t - t r e a t e d  carbons a re  given 
below in  t a b l e  6 . 1 .
Table 6.1
HTT(K) 1270 1470 1570 1670 1770 1870 P r e c i s io n
Weight % C 96.9 97.8 98.7 99.6 99.7 99.7 + 0.15
Weight % H 0.28 0 .1 0 0.03 0.03 0.01 ND + 0.05
Weight % 0 0 .86 0.61 0.53 0.15 0.06 0.01 + 0.05
Atomic % H 0.28 0 .1 0 0 .03 0.03 0.01 - + 0.05
Atomic % 0 0.054 0.038 0.033 0.009 0.004 - + 0.003
Table 6.1 shows the  lo s s  of  hydrogen to  be p ro g r e s s iv e  bu t  appears 
to  have reached completion by 1670 K. On an atomic b a s i s  th e re  i s  
somewhat l e s s  oxygen than hydrogen, the  oxygen tend ing  to  be le s s  
a f f e c t e d  by HTT than hydrogen. Some o f  the  oxygen may be 
chemisorbed as a s u r fa ce  oxide which would e x p la i n  i t s  apparen t
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i n s e n s i t i v i t y  t o  HTT. The r e d u c t io n  a f t e r  1570 K may be due to
a lower a c c e s s i b l e  su r f a c e  a rea  capab le  o f  chemisorbing oxygen or
a r ed u c t io n  in a c t i v e  s i t e s  where chemisorp t ion  could occur .
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This t r e n d  ag rees  with t h a t  found by Dovaston f o r  the  lo s s  of  
su r face  oxides  from c e l l u l o s e  t r i a c e t a t e  carbons,  on ou tgass ing  to  
~ 1200 K. His va lues  a re  about  3 x as l a r g e  as would be expected 
i f  the  lo s s  were whol ly CO, b u t  t h i s  may be a r e s u l t  o f  the  d i f f e r e n t  
carbon o r  lo s s  o f  m a te r ia l  o t h e r  than ox ides .
I f  the  oxygen i s  indeed p re s e n t  as s u r f a c e  oxide i t s  ro l e  in 
s t r u c t u r a l  t r a n s fo rm a t io n s  i s  u n l i k e l y  to  be s i g n i f i c a n t .  This 
to g e th e r  with  i t s  lower atomic  c o n c e n t r a t i o n  sugges ts  hydrogen to  
be the he te roe lem en t  o f  most importance in  the  l a t t e r  p a r t  o f  
secondary c a r b o n i s a t i o n .  Because the  CHO a n a l y s i s  i s  l im i t ed  
in s e n s i t i v i t y  i t  was decided t o  s tudy he te ro e lem en t  expuls ion  
f u r t h e r  by evolved  gas a n a l y s i s .
6 .2  Evolved Gas Analysis
6.2.1.  Experimental
The appara tus  used to  ana lyse  the  gases evolved on h e a t - t r e a tm e n t  
i s  shown in  f i g u r e s  6.1 and 6 .2 .  The sample p e l l e t  (0 .4  -
0.5  g) was co n ta ined  w i th in  a g r a p h i t e  su sc e p to r  (K) which was 
heated by a r a d io  frequency  ( R . F . ) in d u c t io n  co i l  ( I ) .  This 
enabled very r a p i d  h ea t ing  and coo l ing  r a t e s  t o  be used.  The 
su sc e p to r  was supported  on a g r a p h i t e  rod w i th in  a vacuum-tight,  
w a te r - co o led ,  pyrex  tube .  The evolved gases were sampled by tak ing  
a b le ed ,  v ia  a 1 m c a p i l l a r y  tube  and Edwards needle  v a lv e ,  in to  
the mass sp ec t ro m e te r  (M .S .) ,  a 180^ magnet ic  type Vacuum Generators
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Micromass 1. The M.S. was pumped by a w a te r -co o led  d i f f u s i o n  pump 
backed by a r o t a r y  pump. A po lyphenyT-e ther  d i f f u s i o n  pump o i l  
(Santovac 5) was used to  minimise c reep  i n t o  the  system and a l s o  because 
the  breakdown p roduc ts  a re  e l e c t r i c a l l y  conduc t ing .  P r i o r  to  use 
the  mass s p ec t ro m e te r  UHV system was baked o u t  ('v 500 K) o v e rn ig h t .
6 . 2 . 2 . Mode of  Opera t ion
Operat ion under flowing argon was i m p r a c t i c a l  s in ce  the  M.S. s e n s i ­
t i v i t y  i s  c o n s id e ra b ly  reduced by th e  heavy d i l u t i o n  o f  components.
Two methods o f  o p e r a t io n  under vacuum were t r i e d  : -
1. Continuous pumping by r o t a r y  pump with  st ream sampling.
2. S ea l ing  the  system and r e c o rd in g  th e  p re s su re  r i s e .
Method 1. was found to  be u n r e l i a b l e  s in c e  the  pumping speed v a r i e s  
c o n s id e rab ly  with  p re s su re  and t h i s  was n o t  always p r e d i c t a b l e  o r  
easy to  c a l i b r a t e .  S e n s i t i v i t y  was a l s o  low a f t e r  the  i n i t i a l l y  
vigorous e v o lu t io n  de c rea se d .  Method 2. was more s e n s i t i v e  to  small 
evo lu t ion  r a t e s  and was e a s i l y  c a l i b r a t e d ,  so was adopted .
A blank run with  no sample showed the  degass ing  from the g ra p h i t e  
su scep to r  to  be only  'V/ 1% o f  the  q u a n t i t i e s  normally evolved from 
samples.  Addi t ion  o f  hydrogen to  t h i s  system gave a c o n s t a n t  
p r e s s u r e ,  showing n e g l i g i b l e  r e a c t i o n  between g r a p h i t e  and hydrogen 
a t  ^ 1 Torr and 1500 K, and n e g l i g i b l e  sampling l o s s .
U n fo r tu n a te ly ,  o p e r a t i o n  under vacuum caused a number o f  problems 
which r e s t r i c t e d  the scope o f  t h i s  work.
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1. At p r e s s u r e s  between 0.05 and 5 Tor r ,  the  R.F. f i e l d  caused 
a blue d i s ch a rg e  in the  specimen tube .  This caused d i f f i c u l t y  with 
tem pera tu re  measurement by o p t i c a l  pyrometry.  This problem was 
most pronounced a t  tem pera tu res  l e s s  than  1400 K. The appara tus  
was changed to accommodate a P t / P t  h- 13% Rh thermocouple in  the  
su sc e p to r .  The e . m . f .  was measured by a ba t te ry-powered  Wheatstone 
b r id g e ,  mains-powered p o te n t io m e te r s  being i n t e r f e r e d  with  by
the  R.F. power. This system was s a t i s f a c t o r y  with  the  sample r e s t i n g  
on the  t i p  ( to  p rev en t  t i p  d i s c h a rg e s )  and served  as a check on the  
o p t i c a l  pyromete r.
2. An upper l i m i t  f o r  measurement o f  'x, 1700 K was encountered  
because the  e v o lu t io n  o f  gas was so low. The low tube p r e s s u r e ,  
combined with  th e  high i n t e n s i t y  R.F. f i e l d ,  caused a dense b r i g h t  
d ischarge  which u p s e t  the  e l e c t r o n i c s  and caused rap id  h e a t  t r a n s f e r  
to  the  sample tube  -  with  a r e s u l t a n t  high thermal s t r e s s  on the  
g l a s s .  I f  t h e  power was no t  q u ic k ly  reduced t h i s  cou ld ,  and on one 
in s tan ce  d id ,  f r a c t u r e  the  sample tu b e .
3. When th e  system was sea led  a t  a given tem pe ra tu re ,  the  p re s su re  
would in c re a s e  i n i t i a l l y  then  reach a s teady  va lue .  This p re s su re  
d id  n o t ,  however, correspond  to  the  t o t a l  amount o f  hydrogen
which was capab le  o f  e v o lu t io n  a t  t h a t  tem pera tu re  s i n c e ,  
on evacua t ion  and r e - s e a l i n g ,  more hydrogen was evolved (see  f i g u r e  6.3) 
The second amount was t y p i c a l l y  10 -  30% of  the  f i r s t  amount. This 
sugges ts  t h a t  the  hydrogen-carbon r e a c t i o n  i s  r e v e r s i b l e  and comes to  
e q u i l ib r iu m .  To com plica te  the  e v a lu a t io n  o f  k i n e t i c  da ta  i t  was 
found t h a t ,  as th e  system p re s su re  r o s e ,  the  sample temperature  
decreased  due to  in c re a se d  thermal conduction  by gas.  This e f f e c t  was
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most n o t i c e a b le  both a t  th e  i n i t i a l  s t a g e s  o f  p re s su re  in c r e a s e  and 
e v acu a t io n .  For i n s t a n c e ,  a t  1400 K, sudden evacuat ion  could  
r e s u l t  in  the  sample tem pera tu re  r i s i n g  by 50 K.
4. The p rox im i ty  o f  mass peaks f o r  Co'*’, ^2^ and CH^*, 0*,
on*,N* prevented  t h e i r  r e s o l u t i o n  and ind iv id u a l  measurement. The 
s igna l  in t h e se  mass ranges  was found to  in c re a s e  with  hydrogen 
e v o lu t io n  in  the  lower tem pera tu re  reg ions  which sugges ts  some o f  
th e  oxygen p r e s e n t  may a r i s e  from the  o r i g i n a l  c e l l u l o s e  or  t h a t  
some hydrogen i s  evolved as  CH  ̂ and h ighe r  hydrocarbons (perhaps  ace ty ­
lenes  ?). Work was begun on chromatographic  s e p a r a t io n  o f  th e se  gases ,  
p r i o r  to  M.S. a n a l y s i s ,  b u t  t h i s  was ceased  through lack  o f  t im e.
Because o f  th e  above problems and the  s p e c i a l  s i g n i f i c a n c e  o f  
hydrogen c o n te n t  i t  was decided to  c o n c e n t r a te  on o b ta in in g  a 
cumulative  hydrogen y i e l d  as a fu n c t io n  o f  HTT. The fo l lowing  
procedure  was fo l lowed  to  o b t a i n  t h i s  d a ta  from 1170 K upwards.
a.  At 1170 K th e  system was pumped u n t i l  no s i g n i f i c a n t  p re s su re  
r i s e  was found on s e a l i n g  t h e  system.
b. The system was c lo sed  and th e  tem pera ture  r a i s e d  by about 
50 K (more a t  high tem pera tu re  where the  p re s su re  r i s e  was l e s s ) .
The f i n a l  tem pera tu re  was a d j u s t e d  to  be the  same as the  h i g h e s t  
reached dur ing  the  i n i t i a l  p r e s s u r e  in c re a s e  s t a g e .  Since the  
system was c a l i b r a t e d  a t  room tem pera tu re  ( a f t e r  the  ru n ) ,  th e  
power was switched o f f  when the  p la t e a u  was reached,and  the  sample 
cooled .  The ra p id  coo l ing  e f f e c t i v e l y  quenched the  hyd rogen-  
carbon e q u i l i b r iu m .  Because the  gas near the  su sc e p to r  co o led ,  the
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p ressu re  dropped to  a c o n s t a n t  l e v e l ,  which was used as a measure 
of  the  amount evo lved .  Any hydrogen re -adsorbed  on coo l ing  would be 
evolved in  t h e  nex t  s t a g e .
c. The system was evacua ted  then r e - s e a l e d  and the  temperature  
brought up to  i t s  p rev ious  v a lu e .
This sequence was r e p e a t e d  u n t i l  n e g l i g i b l e  hydrogen was evolved
( twice was u s u a l l y  enough b u t  more f r e q u e n t ly  below 1400 K). The
temperature  was then  in c re a s e d  and th e  cycle  repea ted .  Large
temperature  i n t e r v a l s  could  no t  be used s in ce  the  p re ssu re  in th e  M.S
-4would r i s e  above 10 T o r r ,  which was th e  l i m i t  imposed f o r  
l i n e a r  response  and f i l a m e n t  l i f e s p a n .
6 .2 .3 .  C a l i b r a t i o n
At the  end o f  a run th e  system was c a l i b r a t e d  a t  room tem pera ture  
by e i t h e r  o f  two methods.  1 . ,  A s tream of  hydrogen from a j e t  
type flowmeter could  be i n j e c t e d  i n t o  the  system. The flowmeter 
was i t s e l f  c a l i b r a t e d  a g a i n s t  a bubble -f low meter ( b u i l t  from a 
m i c r o b u r r e t t e ) . 2 . ,  A known volume o f  gas could  be i n j e c t e d  from
a pu lse -m e te r  (see  f i g u r e  6.4).  The pu lse -m e te r  is  s i m i l a r  to  a 
gas p ro p o r t io n in g  v a lve  b u t  b u i l t  to  w i th s tan d  vacuum and avoid  
i n t e r n a l  leakage du r ing  o p e r a t i o n .  I t  could  a l so  be by-passed 
via  a f low-through p o s i t i o n .  The volume loop enclosed 1.1 ml. Good 
co n s i s ten cy  was found between both methods.
6 . 2 . 4 . Resu l t s  and D iscuss ion
Hydrogen was found to  be r a p i d l y  evolved f o r  the  f i r s t  5 minutes 
then the  r a t e  d e c r e a se d ,  sometimes r e q u i r i n g  more than 30 minutes
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( a t  low tem pera tu res )  t o  c ea s e .  Th i s ,  to g e th e r  with  f u r t h e r  
ev o lu t io n  a f t e r  e v a c u a t io n ,  sugges ts  th e  hydrogen i s  in  dynamic 
eq u i l ib r iu m  with the  carbon .  This eq u i l ib r iu m  s h i f t s  towards the  
gas phase with  i n c r e a s in g  tem p e ra tu re .  This i s  sugges ted  by the  
n e c e s s i t y  f o r  f r e q u e n t  ev acua t ions  to  remove the hydrogen a t  low 
temperature  w h i l s t  most o f  the  hydrogen i s  evolved in the  f i r s t  
s t ag e  a t  h ig h e r  t e m p e ra tu re s .
Because e q u i l ib r iu m  was reached more r a p id ly  fo r  th e  second and 
subsequent  s t a g e s ,  i t  seems l i k e l y  t h a t  the  f i r s t  s t ag e  i s  
lengthened due to  th e  t ime needed to  break C-H bonds such as in  
r e a c t io n  (A) : -
c -  H — - (A)
Once l i b e r a t e d  the  hydrogen seems to  e q u i l i b r a t e  with  th e  carbon 
in  a more l a b i l e  form, p o s s ib ly  as a chemisorbed s u r f a c e  complex 
( r e a c t i o n  (B)) : -
C + = :  C . . .  H - ( B )
This impl ies  t h a t  the  carbon atoms a t  the  o r i g i n a l l y  hydrogen r i c h  
s i t e s  r e - a r r a n g e  to  become more s t a b l e ,  e . g .  r e a c t i o n  (C)
* *
c + c — c -  c - ( C )
The t ime pe r iod  f o r  the  i n i t i a l  breakdown (A) would be about 20 - 
30 minutes and seems q u i t e  c o n s t a n t  f o r  a l l  tempera tures  s in ce  
e q u i l i b r a t i o n  t imes were s i m i l a r  a t  1300 K and 1600 K. Because the  
ev o lu t io n  r a t e s  a re  s i m i l a r  f o r  carbons whose pores a re  open
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(1300 K) as well as carbons  whose pores  a re  c lo sed  (1600 K) i t  seems
u n l ik e ly  t h a t  d i f f u s i o n  o f  gas ,  a t  these  t e m p e ra tu re s ,  ou t  o f  pores
i s  a c o n t r o l l i n g  s t e p  in  th e  observed r a t e s .  Adding su ppor t  to
t h i s  i s  the  f in d in g  t h a t  i f  the  sample was cooled and pumped no
hydrogen would be evo lved ,  bu t  on h e a t in g  to  the  previous  tem pera ture
ev o lu t io n  r a p id ly  r e t u r n e d .  I f  d i f f u s i o n  co n t ro l  e x i s t e d  one
would expec t  the  hydrogen to  be removed from the  pores dur ing
evacu a t io n .  A simple c a l c u l a t i o n  showed t h a t  i f  a l l  the  hydrogen
evolved in  a t y p ic a l  s tag e  e x i s t e d  in  gas form w i th in  the  microporous
s t r u c t u r e , t h e  p re s su re  i n s i d e  the  micropores would need to  be ~ 5
atmospheres .  I t  seems more l i k e l y  t h a t  th e  hydrogen e x i s t s  in  a
chemica l ly  bound form. These conc lus ions  agree  with  the f in d in g
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by Berkowitz and Den Hertog t h a t  sample comminution had no e f f e c t  
on hydrogen e v o lu t io n  r a t e  up to  1070 K, i . e .  t h a t  the  e x p e r im en ta l ly  
measured r a t e s  d i r e c t l y  equate  with  the  fo rm at ion  r a t e s .
The s i m i l a r i t y  o f  e v o lu t io n  r a t e s  f o r  d i f f e r e n t  tempera tures  does 
not n e c e s s a r i l y  imply a tem p e ra tu re - in d ep en d en t  r a t e  o f  decompo­
s i t i o n  s in ce  f a r  more hydrogen would be evolved  from a v i r g i n  
sample heated f o r  a given t ime a t  1600 K than  a t  1300 K. This sugges ts  
t h a t  t h e r e  i s  a range o f  e f f e c t i v e  bond s t r e n g t h s  such t h a t  the  
a c t i v a t i o n  energy f o r  l i b e r a t i o n  o f  hydrogen, which remains a t  
1600 K, i s  .g re a te r  than f o r  hydrogen which i s  s t a b l e  only to  1300 K.
The cumulative hydrogen y i e l d e d  on h e a t in g  from 1170 to  1750 K i s  shown 
in f i g u r e  6 .5  and c l e a r l y  shows secondary c a r b o n i s a t i o n  to  
cease  between 1600 and 1700 K. No f u r t h e r  hydrogen could be 
d e tec te d  beyond 1750 K. These r e s u l t s  agree  well  with th o se  ob ta in ed  
by CHO a n a l y s i s ,  t a b l e  6 . 2 , b ea r in g  in  mind the  c o n ce n t r a t io n s  a r e  a t
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the  l i m i t s  o f  d e t e c t i o n  f o r  the l a t t e r  techn ique .  The % H 
values  ob ta ined  by EGA were c a l c u l a t e d  assuming % H = 0 a t  1870 K
and t h a t  a f i n a l  0.01% was evolved from 1770 to 1870 K.
Table 6 .2
HTT (K) 1270 1470 1570 1670 1770 1870 P r e c i s io n
CHO W % H 0.28 0 .1 0 0.03 0.03 0.01 0 + 0.05
EGA W % H 0.32 0.09 0.05 0.015 0.005 0 + 5% o f  
value
The importance o f  th e se  f in d in g s  on the  s t r u c t u r a l  t r a n s f o r m a t io n s  
w i l l  be d i s cu s sed  f u r t h e r  in  Chapter 10,  where they w i l l  be i n t e g r a t e d  
with r e s u l t s  from the o t h e r  t e ch n iq u es .
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X-RAY STUDIES OF ISOCHRONALLY 
HEAT-TREATED CARBONS
7 .1 .1 .
A s e t  o f  c e l l u l o s e  carbons were h e a t - t r e a t e d  a t  d i f f e r e n t  tempera tures  
f o r  10 minutes and the  d i f f r a c t i o n  p a t t e r n s  recorded.. The SAXS 
from the se  and a commercial g la s sy  carbon ( S i g r i ,  HTT 2500 K) 
were analysed  by the  Debye approach, i . e .  J 'Z / g  _ p lo t s  
were made and c o r r e l a t i o n  d i s t a n c e s ,  a ,  were ob ta ined  from the s lopes  
and i n t e r c e p t s .  Sample p l o t s  a r e  shown in  f i g u r e  7.1, the  l i n e a r i t y  
o f  the  p l o t s  t e s t i f y  to  the  c o r r e c t n e s s  o f  the  exponent ia l  
c o r r e l a t i o n  fu n c t io n .  The a values  a re  shown in f i g u r e  7 .2  and t a b l e  
7 .1 .  The a value ob ta ined  by Wignall and P in g s^  f o r  a Beckwith 
2073 K GC i s  inc luded  f o r  comparison.
I t  can be seen t h a t  some growth in a  occurs  with  HTT but a t  an 
in c r e a s in g  r a t e  a f t e r  about 1573 K. The values  f o r  the  g la s sy  
carbons  sugges t  growth co n t inues  a t  a l i n e a r  r a t e ,  even a t  high 
t e m p e ra tu re s .
The p re c u rso r s  f o r  the  Beckwith and S ig r i  g la s s y  carbons a re  un­
known, b u t  i t  i s  u n l i k e l y  t h a t  c e l l u l o s e  was used. The agreement 
with  th e  c e l l u l o s e  carbons i n d i c a t e s  an i n s e n s i t i v i t y  o f  micro­
s t r u c t u r e  to  the  o rgan ic  p r e c u r s o r  o r  manufactu r ing  te chn ique .
The c o r r e l a t i o n  d i s t a n c e  i s  r e l a t e d  to  the  mean chord i n t e r c e p t  
d i s t a n c e s  o f  the  pores and m a t r ix ,  and by
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(The Porod d i s t a n c e  o f  h e t e r o g e n e i t y ,  £ , i s  the  mean o f  £
c m
and £ ) .
P
To o b ta in  mean pore o r  m a t r ix  l eng ths  e i t h e r  ab so lu te  i n t e n s i t y  
172measurements o r  a value f o r  the  volume f r a c t i o n  o f  one phase a re  
needed. The l a t t e r  approach was used here  with the  volume f r a c t i o n  
o f  p o re s ,  c ,  being d e f ined  as :
C = V / (V  + V ) 7 .2o o c
where V i s  the  t o t a l  open and c losed  micropore volume and V
o '
the  volume o f  carbon,  in  u n i t  weight of specimen.
The va lue  o f  should  no t  inc lude  meso o r  macropores as th e se  do 
no t  s i g n i f i c a n t l y  c o n t r i b u t e  to  the  reg ion  o f  s c a t t e r  which was 
i n v e s t i g a t e d  he re .  Adsorption measurements (see  s e c t io n  7 .4 .3 )  show 
the  micropore volume to  be f u l l y  developed a t  about  1270 K and small  
amounts o f  a c t i v a t i o n  su g g es t  i t  t o  be s u b s t a n t i a l l y  a c c e s s i b l e  to  
cOg a t  295 K. The micropore  volume o f  0.32 ml g”  ̂ f o r  the  
1270 K c e l l u l o s e  carbon was t h e r e f o r e  taken as being c o n s t a n t ,  to  
a f i r s t  approx im at ion ,  f o r  a l l  carbons examined. Any f u r t h e r  change 
in with HTT cannot  be observed by adso rp t ion  due to  th e  pore 
c lo su re  e f f e c t .
The volume occupied by carbon i s  commonly ob ta ined  from th e  x - r ay  
d e n s i t y  :
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I f  1^02  i s  expressed  in mn, then i s  in  ml g” ^ .
A p p l i c a t io n  o f  t h i s  approach revea led  a paradox, namely, t h a t  the 
bulk (geom etr ic )  d e n s i t y  o f  the  S ig r i  carbon was 1.45 g ml”  ̂
which,  assuming an x - r ay  d e n s i t y  o f  2 .20  g ml” \  r e s u l t s  in a 
t o t a l  p o r o s i t y  o f  0.235 ml g ^ . Such a d isc repancy  between t h i s  
and the  assumed value o f  0.32 ml g~^ seems odd c o n s id e r in g  the  
a p p a r en t  s i m i l a r i t y  o f  m ic ro s t ru c tu re  r ev ea led  by t h e i r  c o r r e l a t i o n  
d i s t a n c e s .
To d i s c o v e r  where the  e r r o r  l a y ,  the  bulk d e n s i t y  o f  a c e l l u l o s e  
carbon was needed. Because the  c e l l u l o s e  carbons a re  macroporous, 
the  d e n s i t y  o f  1170 K carbon was determined in  a mercury poros im ete r .
The mercury was su b jec ted  to a p re s su re  o f  1500 Kg cm" which
should cause i t  to  p e n e t r a t e  pores of r a d iu s  l a r g e r  than  5 nm. Coarse 
s i z e d  p a r t i c l e s  ( ~ 5  mm d iameter )  were used to  avoid  i n t e r p a r t i c l e  space ,  
and the  d a ta  was c o r r e c t e d  f o r  mercury c o m p r e s s i b i l i t y .  The r e s u l t a n t  
d e n s i t y  should  comprise s o l e l y  o f  carbon and micropore  volume s ince  
no evidence  e x i s t e d  f o r  mesoporos i ty .  The d e n s i t y  so ob ta ined  was 
1.477 g ml I f  one takes  the x - r ay  d e n s i t y  as 2.20 g ml  ̂ the  
above bulk d e n s i t y  y i e l d s  a micropore volume o f  0.223 ml g " \  y e t  
the  D-R a d so r p t io n  volume i s  known to be 0 .3  ml g " \  There a re
two p o s s i b l e  e x p lan a t io n s  f o r  t h i s  d isc repancy  :
(A) The micropore volume may be wrong because the  D-R p l o t s  ( a t  295 K) 
were no t  measured to  P/Po = l .
The e x t r a p o l a t i o n  appears  to  be reasonab ly  v a l i d ,  however,  s ince
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th e  D-R p lo t s  were l i n e a r  over  a l a rg e  p ressu re  range and
d e v ia t i o n s  a re  g e n e r a l ly  observed only a t  low p r e s s u r e ,  not
high p r e s s u r e .  Any e r r o r  in  the  assumption o f  l i q u i d  d e n s i ty
f o r  cOg would cause an unde res t im ate  o f  s i n c e ,  being so c lo se
to  T , the  abso rba te  would tend  to  resemble a gas more than c
l i q u i d .
(B) The e f f e c t i v e  volume occupied by carbon may be in  e r r o r
s in c e  the  x - r ay  d e n s i t y  assumes a l l  the  carbon to be in the  
form o f  an i n f i n i t e  c r y s t a l .  P l a i n l y  t h i s  i s  not the  case 
s in ce  XRD shows t h a t  the  well - formed c r y s t a l l i t e s  have a 
s t a c k  h e ig h t  o f  only  1 - 2  u n i t  c e l l s .  Now,the geometric  
d e n s i t y  o f  an i s o l a t e d  u n i t  c e l l  i s  t h re e  t imes t h a t  o f  one 
w i th in  a l a t t i c e , s i n c e  none o f  the  atoms a re  shared between 
o t h e r  c e l l s .  In a d d i t i o n ,  the  g r a p h i t e  l a t t i c e  i s  so voluminous 
t h a t  i f  i t  were reduced t o  i s o l a t e d  l a y e r - p l a n e s  -  which were 
a c c e s s i b l e  to  a d so rb a te  molecules  -  the  volume occupied by 
carbon would be c o n s id e ra b ly  decreased .  The volume o f  a 
t u r b o s t r a t i c  c r y s t a l ,  as seen by ad so rb a te  molecu les ,  would be 
l a r g e r  than f o r  the  same amount o f  carbon in  the form of 
i s o l a t e d  l a y e r - p l a n e s ,  because much o f  the  t u r b o s t r a t i c  carbon 
i s  i n a c c e s s i b l e  to  a d s o r b a t e .  Since  the  value of v ^ ,  requ i red  
f o r  £ and £ c a l c u l a t i o n s ,  i s  used as the  volume f o r  ap m
phase o f  constant^ f i n i t e ,  e lec tro n  density^  the  x - r ay  d e n s i ty  
would appear to  be i n a p p r o p r i a t e  f o r  t h i s  purpose,  s in ce  space 
a c c e s s i b l e  to  a d so rb a te  molecules  cannot  be c l a s sed  as be longing 
to  th e  carbon phase.
Because o f  th e  fo rego ing  arguments was ob ta ined  from :
_ Q y _
^  7.4
where i s  t h e  d e n s i t y  o f  carbon + micropores and was de termined 
by mercury poros im e try  as 1.477 g ml"^. Taking (from CÔ  
a d so rp t io n )  as 0 .32 ml g  ̂ g ives  = 0.357 ml g” \  o r  a carbon 
d e n s i ty  o f  2 .8  g m l ( cf .  an x - r ay  d e n s i t y  of 2 .2  g m l " ^ ) . This 
r e s u l t s  in  th e  volume f r a c t i o n  o f  p o re s ,  c ,  being 0.472.  c was 
taken as c o n s t a n t  f o r  a l l  th e  h e a t - t r e a t e d  carbons s in c e  very  l i t t l e  
bulk shr inkage  was found f o r  HTT^ 1200 K. The fo l lowing  
parameters  were c a l c u l a t e d  and a re  shown in  t a b l e 7.1 and f i g . 7 . 3 .
£p = a / ( l -C )  5.29
Sur face  a rea  pe r  u n i t  volume, s /v  = — — 5 . 26
Sur face  a re a  pe r  u n i t  w e igh t ,  s / g  = C)(Vp+Vc)
a
. 7 .5
Fig .7 .3 shows both £_ a n d ^ ^  in c re a s e  with HTT, in agreement wi th  o th e r  
workers 145,173-176^ This i n d i c a t e s  a coarsen ing  o f
pores from small  f i n e l y  d i s p e r s e d  ones to  l a r g e r  ones w i th  a 
g r e a t e r  th ic k n e s s  o f  m a t r ix  between them. The reduc t ion  in  s u r f a c e  
area  confi rms t h i s  view.
Included in  f i g . 7 .3 i s  th e  l a y e r - p l a n e  s tack  h e ig h t  -  L^, as ob ta ined
from the width o f  th e  c o r r e c t e d  ( 002 ) p r o f i l e .  I t  i s  i n t e r e s t i n g
to  note t h a t  z approaches  L as HTT i n c r e a s e s .  I f  the  s t r u c t u r e  
m ^
i s  imagined as a random o r i e n t a t i o n  o f  l a y e r - p l a n e s ,  the  pores w i l l
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be the  voids  between a d jac e n t  l a y e r - p l a n e s  and groups o f  p la n es ,  
w i l l  be a measure o f  the  d i s t a n c e  between d e fe c t s  in  comparatively
wel l - formed s t a c k s ,  whereas z w i l l  be the  d i s t a n c e  between d e fe c t sm
(d e n s i ty  f l u c t u a t i o n s ) w i t h i n  the  whole s t r u c t u r e .  I f  h igh ly  
d e f e c t i v e  s i n g l e  l a y e r s  o r  s tacks  e x i s t  w i l l  always be sm a l le r  
than . However, as the  s t r u c t u r e  improves wi th  h e a t - t r e a t m e n t ,  
d e f e c t s  between l a y e r - p l a n e  s tacks  w i l l  become annealed o u t ,  i n c r e a s ­
ing both L- and z . The approach o f  z to  i n d i c a t e s  such c m m
annea l ing  occurs  most n o t i c e a b ly  in  small l a y e r  p lane  groups and 
must invo lve  c o n s id e rab le  grouping t o g e t h e r  o f  i n d iv id u a l  l a y e r -  
p la n es .  This view i s  supported  by th e  c o n s t a n t  va lue  o f  i n t e r l a y e r  
sp ac in g ,  ^QQg'UP to  1600 K which i s  probably  a r e s u l t  o f  the  pro­
d uc t ion  o f  many 'new* l a y e r  s tack s  of  f a i r l y  wide s e p a r a t i o n ,  due to  
co n t in u in g  secondary c a r b o n i s a t i o n .  This appears  to  be complete a t  
~1600 K, s in ce  then begins  to  decrease  and i n c r e a s e ,  w i th  
i n c r e a s in g  s t i l l  f a s t e r .  These in c re a s e s  a re  probably  due to  the 
annea l ing  ou t  o f  d e fe c t s  w i th in  the  now formed s t a c k s .  Whether 
may a c t u a l l y  equal f o r  th e  S ig r i  carbon i s  d i f f i c u l t  t o  say
because n e i t h e r  parameter i s  known with  c e r t a i n t y ,  z may bem
l a r g e r  because some o f  the  space which was assumed to  be void ( s in c e
a c c e s s i b l e  to  adso rba te  molecules) may have become in c o rp o ra te d  in to
a t u r b o s t r a t i c  l a t t i c e .  The value o f  V would,  in  t h i s  c a s e ,  needc
to  be somewhat c l o s e r  to the  value de r ived  from the  x - r ay  d e n s i t y .
I f  t h e  x - r a y  d e n s i t y  were used ,  a micropore  volume of 0 .278 ml g~^
would give co inc idence  o f  z and . Such a value i s  not
m
unreasonab le .  i s  a l so  weighted towards l a r g e r  s t a c k s  so t h a t  
many s m a l l e r  s ta c k s  may be equal in  s i z e  to  £^. On the  o th e r  
hand, may be l a r g e r  than measured s in ce  no c o r r e c t i o n  was ap p l i e d  
f o r  broadening due to  specimen t ran sp a ren cy  ( a b s o r p t i o n ) .  N eve r the le s s ,  
f o r  carbons  o f  high HTT i t  appears  t h a t  the  micropores a r e  voids
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between r e l a t i v e l y  p e r f e c t  s ta c k s  o f  l a y e r - p l a n e s ,  which c o n s t i t u t e  the 
pore w a l l s .
The p i c t u r e  o f  a micropore a t  low HTT i s  l e s s  c l e a r  s ince  z f o r
P
a 1170 K carbon i s  l e s s  than  the  C spac ing .  The su r face  a reas  f o r
these  carbons a re  a l so  e x c e s s iv e ly  high -  more than the  t h e o r e t i c a l  
2 “ 1maximum o f  2620 m g . These values  remain u n r e a l i s t i c  f o r  a l l  l i k e l y  
va lues  o f  c .  These f i n d in g s  pose the  q u e s t i o n  of  whether a i s  s o l e l y  
r e l a t e d  to  the dimensions o f  a vo id -m a t r ix  system or  whether i t  i s  
in f luenced  by o th e r  f a c t o r s . T h i s  p o i n t  w i l l  now be cons idered .
7 . 1 . 2 .Devia tions  from Porod 's  Law
Throughout the  theory  o f  SAXS i t  i s  assumed t h a t .  A, each phase i s  
of  uniform d e n s i t y  and , B, the  phase boundaries  a re  sharp .
Assumption A i s  probably  no t  c o r r e c t  f o r  the  carbon phase s i n c e ,  i f  i t  i s  
poorly  c r y s t a l l i n e ,  the  p opu la t ion  o f  d e f e c t s  w i l l  c o n s t i t u t e  
e l e c t r o n i c  d e n s i t y  f l u c t u a t i o n s  w i th in  the  s o l i d  m atr ix .The  i n t e n s i t y  
component from such f l u c t u a t i o n s  w i l l  simply add the  s c a t t e r i n g  from 
the  idea l  system b u t ,  because the c o r r e l a t i o n  d i s ta n ce s  a re  very 
sm al l ,  the  i n t e n s i t y  w i l l  be predominantly  observed a t  high angles  
( c . f . eqn.5.1 ) .
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Ruland has shown the  normalised i n t e n s i t y  component from one 
dimensional f l u c t u a t i o n s  to  be given by
= 7.6
F 2 S
where s  = s i n  26 /x ,  t i s  the  su r f a c e  d e n s i ty  o f  e l e c t r o n s  in the
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two dimensional  e n t i t i e s  which p a r t i c i p a t e  in the f l u c t u a t i o n  and 
F£^ i s  th e  f l u c t u a t i o n  o f  d e n s i t y  as p r o je c te d  onto a s t r a i g h t  
l i n e  p a r a l l e l  to  the  d i r e c t i o n  o f  d i s o r d e r .  This form seems 
a p p r o p r i a t e  f o r  th e  case  in  hand s ince  one-dimensional f l u c t u a t i o n s  have 
been observed in  both  g r a p h i t i z i n g  and n o n - g r a p h i t i z in g  carbons ^
I f  the  phase i n t e r f a c e s  a r e  no t  sharp  bu t  d i f f u s e ,  the  r e s u l t  w i l l
be a r e d u c t io n  in  s c a t t e r e d  i n t e n s i t y ,  a l s o  a t  high a n g le s .
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Hosemann and Bagchi have shown how t h i s  e f f e c t  can be re p re se n te d  
by a convo lu t ion  o f  the  id e a l  d e n s i t y  d i s t r i b u t i o n  (such as a 
D i r i c h l e t  s t e p  f u n c t i o n )  with  a smoothing f u n c t i o n .  I f  a 
Gaussian smoothing f u n c t io n  i s  u s e d , th e  observed i n t e n s i t y  f o r  a 
system with  d i f f u s e  i n t e r f a c e s  i s  given by :
I  (h )n ^A p ^ S (l -  2 a ^ ^ )  7  7T __ G   / . /
obs -  ^3
where s  i s  the  s u r f a c e  a rea  w i th in  the  volume i r r a d i a t e d .  a 
i s  the  v a r i a n ce  o f  t h e  Gaussian d i s t r i b u t i o n  and w i l l  be a measure 
o f  the  i n t e r f a c i a l  w id th .
When f a c t o r i s e d , t h e  f i r s t  term o f  Eqn.7.7 w i l l  be recogn ised  as the  
Porod asymptote  ( e q n .5.31) w h i l s t  t h e  second term re p r e s e n t s  th e  
lo ss  in i n t e n s i t y  due to  the  d i f f u s e  i n t e r f a c e .
The t o t a l  observed i n t e n s i t y  f o r  an " im perfec t"  porous s o l i d  may 
t h e r e f o r e  be composed o f  a component which obeys Porod 's  law ( i . e .  
decreases  as h ^) and two components which vary  as h the  f i r s t ,  
due to  e l e c t r o n i c  d e n s i t y  f l u c t u a t i o n s ,  be ing p o s i t i v e  and the  
second,due to  d i f f u s e  i n t e r f a c e s ,  be ing n e g a t i v e .  We may t h e r e f o r e  
w r i te  :
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J =  ̂ + tgh   ̂ 7.8
o r
+ bgh^ 7 .9
A p l o t  o f  Jb  a g a i n s t  should  tend to  a s t r a i g h t  l i n e  which is  
h o r i z o n ta l  f o r  an idea l  system, has a p o s i t i v e  g r a d i e n t  i f  e l e c t r o n  
d e n s i t y  f l u c t u a t i o n s  a re  p re s e n t  and a nega t ive  g r a d i e n t  i f  the  
i n t e r f a c e s  a re  d i f f u s e .  In some cases  th e  l a t t e r  two e f f e c t s  
may p a r t i a l l y  o r  comple te ly  cancel one a n o th e r .  I f  the  l i n e a r  
reg ion  i s  e x t r a p o l a t e d  to  c u t  th e  y - a x 1 s , t h e  i n t e r c e p t  w i l l  be 
the Porod asymptote ,  i . e .  a measure o f  the  w e l l - d e f in e d  s u r fa ce  
a rea .
Sample p l o t s  f o r  the  i s o c h r o n a l l y  h e a t - t r e a t e d  s e r i e s  a re  shown 
in f i g u r e 7 .4 ,  h has been r ep laced  by s i n 2 6 f o r  convenience and 
J i s  in  a r b i t r a r y  u n i t s .  The l a r g e  p o s i t i v e  s lopes  c l e a r l y  
i n d i c a t e  c o n s id e ra b le  d e n s i t y  f l u c t u a t i o n s  to  be p r e s e n t ,  wi th  any 
e f f e c t  due t o  d i f f u s e  i n t e r f a c e s  being overshadowed. The g ra d ie n t s  
g ra d u a l ly  decrease  with HTT w h i l s t  the  e x t r a p o l a t e d  i n t e r c e p t s  
i n c r e a s e ,  from zero below 1200 K. For the  2500 K S ig r i  carbon 
( F i g u r e 7 . 5 )P o rod 's  law i s  a c t u a l l y  a t t a i n e d  which i n d i c a t e s  t h a t  
th e re  a re  no e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  w i th in  the s o l i d ,  and the  
m a t r ix /v o id  i n t e r f a c e s  a re  sh a rp .  The s l i g h t  i n c re a se  above 
Sin^20 = 0.022 (26 = 8 .5 ° )  i s  due to  o v e r lap  from the  (002) peak, 
t h i s  r eg ion  being p a r t i c u l a r l y  s e n s i t i v e  to  ex t raneous  i n t e n s i t y .
I f  th e  i n t e r c e p t  and g r a d i e n t  a re  p l o t t e d  a g a i n s t  HTT (F igure  7 .7 )
an i n t e r e s t i n g  t r e n d  i s  shown. The g r a d i e n t s  (b^) pass through a 
maximum a t  about  1270 K then d ecrease  l i n e a r l y .  The i n i t i a l  i n c re a se
— 102 —
may be a r e s u l t  o f  con t inued  secondary c a r b o n i s a t i o n ,  in  two ways :
1, I f  hydrogen were to  aggrega te  a t  reg ions  o f  d i s t o r t i o n ,  v a ca n c ie s ,  
l a y e r - p l a n e  edges ,  e t c  (where u n s tab l e  carbon atoms e x i s t )  the  
i n t e n s i t y  o f  e l e c t r o n  d e n s i t y  f l u c t u a t i o n  in  the se  a reas  i s  reduced 
by the  f u r t h e r  ex ten s io n  o f  e l e c t r o n  d e n s i t y  away from the s o l i d  
carbon.  The hydrogen, in  e f f e c t ,  b lu r s  the  d e f i n i t i o n  o f  th e  d e f e c t .  
As hydrogen i s  removed dur ing  c a r b o n i s a t i o n  the  e l e c t r o n  d e n s i t y  
f l u c t u a t i o n  in c r e a s e s  in  magnitude .  This process  i s  t h e r e f o r e  
s i m i l a r  to  the  lo s s  o f  a phase o f  in t e rm e d ia te  e l e c t r o n  d e n s i t y  
between s o l i d  carbon and vo id .  2,  For l a r g e r  d e n s i t y  f l u c t u a t i o n s  
(approaching convent iona l  vo ids)  hydrogen may be a t t a ch ed  to  the  
carbon su r f a c e  and t h i s ,  as b e f o r e ,  w i l l  b l u r  the  i n t e r f a c e .
Removal o f  t h i s  hydrogen w i l l  r e s u l t  in  the  removal of  a n ega t ive  
component which obeys h ^ s c a t t e r i n g ,  i . e .  a sharpening of  i n t e r f a c e s  
occu rs .  The involvement o f  hydrogen in the  t rans fo rm a t ions  o f  t h i s  
tem pera ture  r eg ion  i s  sugges ted  by th e  hydrogen e v o lu t io n  measurements 
of Chapter 6.
The d ecrease  in  s lope  a f t e r  1270 K must be due to  the loss  o f  
small s c a l e  d e n s i t y  f l u c t u a t i o n s  and probably becomes more r a p id  
a f t e r  1800 K because t h e r e  a r e  none f o r  the  2500 K carbon. The 
lo s s  of  small e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  appears  to  be to  the  gain  
o f  s c a t t e r i n g  by l a r g e r  ones ( i . e .  well  de f ined  vo ids) s ince  the  
Porod component b ^ s t a r t s  to  in c r e a s e  a t  about 1270 K. For 1070 
and 1170 K carbons  v i r t u a l l y  a l l  the  s c a t t e r i n g  i s  from e l e c t r o n  
d e n s i t y  f l u c t u a t i o n s  and none from conventional  pores .
7 . 1 . 3 . Amorphous S c a t t e r i n g
I f  the s t r u c t u r e  o f  low-tem pera ture  carbons i s  c h a r a c t e r i s e d  by
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d i f f u s e l y  bounded, small  s c a l e ,  e l e c t r o n  d e n s i ty  f l u c t u a t i o n s ,  the
ques t ion  a r i s e s  as t o  whether  a g l a s s y ,  amorphous, s t r u c t u r e  may
not be more a p p r o p r i a t e  than  the  one d e s c r i b e d , o r  one o f  d i s c r e t e
m i c r o c r y s t a l s .  S i l i c a ,  f o r  i n s t a n c e ,  has a bulk d e n s i t y  17% l e s s
in i t s  g la s sy  s t a t e  than  in  i t s  c r y s t a l l i n e  s t a t e .  I f  t h i s  i s  the
"“1
case f o r  carbon ,  the  s c a t t e r i n g  which follows the h law would 
be o f  the  d i f f u s e  gas type and so be given by J  = where A 
i s  the  amount o f  amorphous carbon and f  i t s  coheren t  atomic s c a t t e r i n g  
f a c t o r .  A p l o t  o f  f ^ ( 2 6 ) ^  a g a i n s t  26^ (F igure  7 . 6 ) , shows a 
curve whose g r a d i e n t  i n c r e a s e s  only  g ra d u a l ly  a t  high angles  and so 
may be approximated by a s t r a i g h t  l i n e ,  with  a nega t ive  i n t e r ­
cep t  on the  y - a x i s .  I n s p e c t io n  o f  the  Jh^  -  p l o t  f o r  the  1070 K 
carbon shows t h a t  e x t r a p o l a t i o n  o f  the  low angle p o in t s  g ives  a 
nega t ive  i n t e r c e p t ,  whi le  e x t r a p o l a t i o n  from h ig h e r  angles  g ives  a 
zero i n t e r c e p t .  The observed p l o t s  f o r  low HTT carbons could  
t h e r e f o r e  be a combination o f  the  id e a l  Porod asymptot ic  shape 
( e .g .  2500 K S ig r i  GC) and the  amorphous s c a t t e r i n g  cu rve ,  wi th  
the  Porod p ro p o r t io n  i n c r e a s i n g  wi th  HTT.
This ex p lan a t io n  o f  d i f f u s e  s c a t t e r i n g  in  terms o f  amorphous carbon
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has been used by F r a n k l in  and S h o r t  and Walker , bu t  was
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c r i t i c i s e d  by Ruland who sugges ted  t h a t  i t  was more l i k e l y  to  be 
due to  i m p e r f e c t io n s ,  e s p e c i a l l y  v a ca n c ie s ,  in  th e  s t r u c t u r e  o f  the  
g r a p h i t i c  l a y e r s .  W hi ls t  n o t  d i sm is s in g  the  p o s s i b i l i t y  o f  s c a t t e r i n g  
from s i n g l e  l a y e r - p l a n e s ,  he p o in t s  ou t  t h a t  a s i m i l a r  e f f e c t  i s  
produced by an im p e r fec t  s t a c k in g  o f  l a y e r s ,  as well  as v a r i a t i o n  
o f  s i z e  and p e r f e c t i o n  w i th in  a given s t a c k .  The l a t t e r  argument 
i s  l a r g e l y  one o f  semantics  s in c e  the b o r d e r l i n e  between a l a y e r -  
plane w i th in  a d i s o rd e re d  group o f  p lanes  and an a p p a r e n t ly  i s o l a t e d
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one i s  i l l - d e f i n e d .  Ergun a l s o  p o in t s  ou t  t h a t  p roduc t ion  
of amorphous carbon (wi th no r e p e t i t i v e  in t e r a to m ic  d i s t a n c e s )  
i s  u n l ik e ly  dur ing  a c a r b o n i s a t i o n  p ro c e ss .  I t  w i l l  be shown 
in s e c t io n  8 . 7 . 2 .  t h a t  the  e x i s t e n c e  o f  a d i s c r e t e  amorphous 
phase is  u n l i k e l y .
7 . 2 . 1 .  X-Ray Study o f  I so th e rm a l ly  H e a t - t r e a t e d
Carbons
In o rde r  to  f i n d  ou t  more about  the  mechanism of  pore c o a r se n in g ,  
a s e t  o f  c e l l u l o s e  carbons were h e a t - t r e a t e d  a t  var ious  tem­
p e ra tu re s  f o r  2 ,  5 ,  10 and 30 minu tes .  Temperatures s e l e c t e d  
were 1270, 1470, 1570 and 1670 K ( the  hea t in g  program i s  given 
in  Appendix A(5)) .
7 . 2 . 2 .  SAXS
The c o r r e l a t i o n  d i s t a n c e s  ( f i g u r e  7 .8  ) show t h a t  pore growth
i s  very r a p i d ,  with  s i g n i f i c a n t  d i f f e r e n c e s  in a being ach ieved  
a f t e r  only 2 m inutes .  The subsequent  r a t e  o f  growth appears  
to  be small a t  1270 K b u t  gradual a t  1470 K.
I t  i s  known (see  Chapter  6 ) t h a t  hydrogen con t inues  to  be evolved 
up to  1670 K, so the  i n i t i a l l y  r a p id  growth observed a t  a l l  
tempera tures  i s  probably  due to  the  lo s s  of  hydrogen from l a y e r -  
p l a n es ,  which enab les  them to  pack t o g e t h e r .  The a p p a ren t  
lack  o f  change f o r  the  1270 K carbons may be a r e s u l t  o f  
the  removal o f  hydrogen which causes  an in c re a se d  d e f i n i t i o n  
o f  e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  and so o f f s e t s  the  lo s s  o f  
f l u c t u a t i o n s  caused by the  b e t t e r  packing o f  l a y e r s .
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Because the  k i n e t i c s  o f  hydrogen e vo lu t ion  would be f a s t e r  
a f t e r  1470 K the  growth in a ceases  more r a p id ly  bu t  th e re  
appears  to  be f u r t h e r  growth a t  longer  hea t ing  t im es .  This 
may sugges t  th e  e x i s t e n c e  o f  a second mechanism which occurs  
a t  h ighe r  t e m p e r a t u r e s ,  i s  much s low er ,  and does n o t  depend on 
he te roe lem en t  e x p u l s io n .
7 .2 .3 .  X.R.D.
Whils t  the  c o r r e l a t i o n  d i s t a n c e s  a re  profoundly  a f f e c t e d  by HIT 
and to a l e s s e r  e x t e n t  H i t ,  the  XRD parameters  (Table 7 .2 )  
are  r e l a t i v e l y  u n a f f e c t e d  by bo th .  The i n t e r l a y e r  sp ac in g ,  
dQQ2 » v a r i e s  l i t t l e  f o r  a l l  ca rbons ,  whi le  only  in c re a s e s  
f o r  the  two h i g h e s t  h e a t - t r e a t m e n t  t em pera tu res .  These f in d in g s  
agree  with those  f o r  i s o c h r o n a l l y  h e a t - t r e a t e d  carbons where 
l i t t l e  growth o f  occur red  b e fo re  1570 K, w h i l s t  a showed 
a s teady  i n c r e a s e .
Since SAXS i s  s t r o n g l y  i n f lu en c ed  by e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  
w i th in  d i s o r d e r e d  carbon ,  w h i l s t  XRD i s  b ia sed  towards o rde red  
r e g io n s ,  we may deduce t h a t  up to  ~  1570 K, the  predominant 
changes o c c u r r in g  a r e  in  d i s o r d e r e d  r e g io n s .  These changes 
a re  probably  a r e s u l t  o f  co n t in u in g  secondary c a r b o n i s a t i o n ,  
which i s  producing o rde red  l a y e r - p l a n e s  from a ta n g le d  network 
of  m i s o r i e n t a t e d ,  d e f e c t i v e ,  a rom at ic  g roupings .  Such a 
change may be imagined as a d i s s o c i a t i o n  o f  a t e t r a p h en y len e  
type s t r u c t u r e  (see  f i g u r e  2 .4  ) and re -g roup ing  o f  the
aromatic  u n i t s  to  form crude l a y e r - p l a n e s .  The packing in  
newly formed s t a c k s  w i l l  be f a u l t y ,  thus  the  s t a t i s t i c a l  
value o f  and w i l l  change l i t t l e  in  t h i s  r e g io n .  When 
c a r b o n i s a t io n  i s  near ing  comple tion ( ~  1570 K), may begin
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t o  i n c r e a s e ,  s in ce  the  process  i s  then one o f  in c re a s in g  
p e r f e c t io n  of  the  formed l a y e r  s t a c k s .
7 .3  General Discussion
To summarise,  low HTT carbons appear to  be composed o f  a
random network o f  h ig h ly  d e f e c t iv e  l a y e r -p la n e s  whose c r y s t a l l i t e s
are  small due to  a high c o n c e n t r a t io n  of  bends and k inks .
E lec t ro n  d e n s i t y  f l u c t u a t i o n s  a re  more due to  gaps between i n d i v i ­
dual l a y e r s ,  and vacanc ies  w i th in  l a y e r s ,  than to  gaps between 
la rg e  l a y e r  s t a c k s  ( " c r y s t a l l i t e s " ) .  These f l u c t u a t i o n s  may be 
conside red  as be ing micropores which are  not  y e t  f u l l y  developed.  
The d e f i n i t i o n  o f  such voids i s  b lu r r e d  due to  hydrogen bonded 
to  su r f a c e  atoms.
As HTT i n c r e a s e s ,  hydrogen i s  l o s t ,  r e s u l t i n g  in  p re v io u s ly
hydrogen-r ich  reg ions  o f  in t e rm e d ia te  d e n s i t y  becoming more
de f ined  as m a t r ix /v o i d  r e g io n s .  Vacancies and d e fe c t s  begin  to
be annealed  o u t  from w i th in  p lanes  which al lows them to  s t a c k
more e f f i c i e n t l y ,  r e s u l t i n g  in  an in c re a s e  in  as measured
by x - r a y s .  Many s t ac k s  a r e  s t i l l  d e fe c t iv e  s in ce  i s
l e s s  than  L^, b u t  th e  two approach and, pe rhaps ,  meet each o th e r
by about 2000 K. The f i n d i n g  t h a t  the  carbon m a tr ix  o f  2500 K GC
has no d e n s i t y  f l u c t u a t i o n s  w i th in  i t  sugges ts  th e se  l a y e r
s t a c k s  a re  s u b s t a n t i a l l y  p e r f e c t .  The d i f f e r e n c e  between
and z may t h e r e f o r e  be due to  L being b ia sed  towards the  m c
l a rg e  c r y s t a l l i t e s .
The annea l ing  o f  small  gaps between l a y e r -p la n e s  r e s u l t s  in  the  
c r e a t i o n  o f  l a r g e r  voids t o g e t h e r  with l a r g e r  c r y s t a l l i t e s .
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This i s  s c h e m a t ic a l ly  r e p re se n te d  in f i g u r e  7 .9 .  The 
l a t t e r  system bears  more resemblance to  a conventional  porous 
system and so s c a t t e r s  in  obeyance with Porod 's  law (as seen 
by th e  2500 K S ig r i  GC).
The pores in t h i s  model would be expected to be needle -
shaped which ag rees  with P e r r e t  and Ruland 's f in d in g s^ ^ ^ .
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Whils t  R o thw e l l ' s  f in d in g  t h a t  the  pores assume a s p h e r i c a l
176
shape with  in c r e a s in g  HTT has been shown to  be i n c o r r e c t  , 
we may conclude t h a t  h is  f in d in g s  sugges t  an i n c re a se  in  the  
pores '  minor axes with a l e s s e r  e f f e c t  on t h e i r  major axes .
This agrees  with  the  proposed mechanism of  growth as
being due to a t r a n s l a t i o n a l  packing o f  l ay e r s  along the  C-axis
I t  can be seen from f i g u r e  7.9  t h a t  many of the  s p ac in g s ,  which 
c o n s t i t u t e  u l t r a m ic r o p o r e s ,  a re  reduced to t u r b o s ^ a t i c  v a lu e s ,  
as a r e s u l t  o f  the  pore coarsen ing  e f f e c t .  These changes a re  
o f  no tab le  s i g n i f i c a n c e  f o r  the  access  o f  adso rba te  molecules  
to  the  i n t e r n a l  s t r u c t u r e  and w i l l  be d i scussed  f u r t h e r  
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TABLE 7 . 2
X-Ray Parameters  f o r  I so th e rm a l ly  Heat-Treated  Carbons
XRD SAXS
HTT (K) HTt(mins) doo2 (nni) L^(nm) a (nm)
1270 2 0.359 0.893 0.199
5 0.362 0.902 0.201
10 0.360 0.886 0.201
30 0.363 0.849 0.201
1470 2 0.362 0.902 0.219
5 0.358 0.881 0.226
10 0.358 0.903 0.228
30 0.358 0.895 0.245
1570 2 0.359 0.891 0.250
5 0.359 0.883 0.250
10 0.358 0.932 0.246
30 0.363 0.927 0.271
1670 2 0.362 0.932 0.268
5 0.360 0.954 0.264
10 0.361 0.911 0.265
30 0.357 0.950 0.278
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Fig.74 Deviation from Porod’s Law 
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Fig. 7.6 Amorphous scattering.
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7.4 Adsorption Study of  I s o c h ro n a l ly
Heat- t r e a t e d  Carbons
7.4.1.  I n t r o d u c t i o n
C e l lu lo se  carbons  o f  HTT 770 to  1870 K (HTt = 10 mins . )  
were examined by a d so r p t io n  o f  CO  ̂ a t  295 K. Dubinin- 
Radushkevich (D-R) p l o t s  were c o n s t ru c te d  ( f i g u r e  7 . 10) 
and micropore  volumes,  V^, were ob ta ined  from the  y - a x i s  
i n t e r c e p t .  C h a r a c t e r i s t i c  e n e r g i e s ,  E and were
ob ta ined  from the g r a d i e n t s ,  m, by : -
ET ^ k J  mol ^
^  ^  a t  2 9 5  K 7 .1 0
E =  J .  =  k J  m o l ' l
/S ’ a t  295 K
All g r a d i e n t s  were taken from the  l i n e a r  s e c t io n s  a t  h i g h e s t  
p r e s s u r e ,  s i n c e  d e v ia t i o n s  were found a t  lower p r e s s u r e s .
7 .4 .2 .  R esu l t s
Figure  7.11 shows the  v a r i a t i o n  o f  wi th  HTT and c l e a r l y  
shows a maximum a t  ~1270 K. A dramat ic  r e d u c t io n  in  Vo
i s  seen a f t e r  1570 K. A c t iv a ted  d i f f u s i o n  e f f e c t s ,  a f t e r  
1470 K, were sugges ted  by a leng then ing  o f  e q u i l i b r a t i o n  
t imes .  The 1470 K carbons reached e q u i l i b r iu m  in  ~ 3  h o u rs ,
1570 K fcarbons re q u i re d  about  12 hours w h i l s t  a d so r p t io n  
could s t i l l  be d e te c te d  on 1670 K carbons a f t e r  one 
week. Adsorpt ion  on 1770 and 1870 K carbons  was too small  
to be d e t e c t e d .  The modal va lue  of  th e  f r e e  energy d i s t r i b u t i o n ,
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E , can be seen ( f i g u r e  7.12) to  i n c re a se  with HTT thenmax '
f a l l  o f f  in  the  same fa sh ion  as the  v a r i a t i o n  o f  V .o
Discussion
7 .4 .3 .Pore development s tage
The gradual  in c r e a s e  in  V^, up to  1270 K, i s  probably  due 
to  s t r u c t u r a l  e v o lu t io n  from secondary c a r b o n i s a t i o n ,  s in ce  
the  g r e a t e s t  in c r e a s e s  a re  a t  low tempera ture  where co n s id e rab le
weight lo s s  and shr inkage  occur .  e i s  i n v e r s e l y  r e l a t e dmax
to  the  s i z e  o f  the  most f r e q u e n t  pore s i z e ,  because small pores
tend to  have la rg e  e v a lu es .  The in c re a se  in  c up tomax ^
1270 K must s i g n i f y  the c r e a t io n  o f  small micropores .  There 
may a l s o  be some e f f e c t  due to  the change in  ad so rp t io n  
f o r c e s ,  as one changes from a carbon o f  high o)^gen and 
hydrogen c o n te n t  to  one of  a lmost e x c lu s iv e ly  carbon.
D i s t r i b u t i o n s  o f  volume with  p o t e n t i a l  ( f i g u r e  7.13 )
were c o n s t r u c t e d  by i n s e r t i n g  and E values  i n t o
equat ion  4 .14  . H e a t - t r e a tm e n t  seems to  a f f e c t  small  pores
(high e) more than la rg e  ones and i t  must be th e  p re-eminent
in c re a se  in  small micropores (e > e ) which causes  the'  max
s h i f t  in  E wi th  HTT.max
7 . 4 . 4 .Pore c lo su r e  s tage
The d ram at ic  re d u c t io n  in  V a f t e r  1570 K i s  common f e a t u r e  to
4-9°, 182
many s t u d i e s  o f  t h i s  type and appears to  be due to  a
c lo s ing  o f  pore e n t r a n c e s ,  as opposed to pore e lm in a t io n ,
s ince  t h i s  e f f e c t  i s  accompanied by a decrease  in  helium 
4 ,7 ,1 7 0
dens i ty
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The decrease  in  e va lues  in  t h i s  reg ion  must be due to  amax ^
c lo su r e  o f  small pores  to  leave  l a r g e r  ones.  The small 
pores ( u l t r a m ic r o p o r e s )  must p lay  a lead ing  rô le  in  the  
t r a n s p o r t  o f  a d so r b a te  to  l a r g e r  pores  s in ce  th e  lo s s  in  
i s  too  much to  be accounted f o r  s o l e l y  by u l t r am ic ro p o re  
l o s s .  One would a l s o  e x p ec t  to  f i n d  a r e d u c t io n  in  
ad so rp t io n  a t  low p re s su re  with  l i t t l e  e f f e c t  a t  high 
p r e s s u r e ,  bu t  the  vo lu m e-p o ten t ia l  d i s t r i b u t i o n s  show a 
re d u c t io n  in  a d so r p t io n  over  the  whole p re s su re  range 
( f i g u r e  7 . 1 4 ) .  This must mean t h a t  c lo s u r e  o f  u l t r am ic ro p o re s  
e f f e c t i v e l y  c lo s e s  o f f  l a r g e r  domains o f  th e  t o t a l  s t r u c t u r e .
The remaining s t r u c t u r e  would be d e p le t ed  in  u l t r am ic ro p o re s
and so e x h i b i t  a lower e v a lu e .  The o n s e t  o f  a c t i v a t e dmax
d i f f u s i o n  p r i o r  to  pore c lo s u r e  sugges t s  the  general  process  
i s  one o f  pore narrowing with  c e r t a i n  f i n e  pores c lo s in g  
com ple te ly .  Although p o r e -  c lo s u r e  i s  most favoured f o r  
f i n e  p o re s ,  a narrowing may wel l  o ccu r  in l a r g e r  ones bu t  
may n o t  be d e t e c t e d  because o f  a s imul taneous  e n la r g in g  of  
o th e r  p o re s .  This p o in t  w i l l  be d i s c u s s e d  f u r t h e r  in  
Chapter 10.
7.4.5.  Negative Devia t ions  from D-R L i n e a r i t y  
When e q u i l i b r a t i o n  t imes o f  3 hours were used the  D-R p l o t  
fo r  the  1570 K carbon e x h i b i t e d  a n e g a t iv e  d e v ia t i o n  a t  Irpp^/P 
- 2 8 , see Figure  7.15.  The iso therm  was re p e a te d  with  a 
minimum o f  10 hours between p o in t s  and i s  shown in  F ig s .  7.10 and 7.15, 
The lo n g e r  t ime i n t e r v a l s  have r e s u l t e d  in  th e  magnitude of  
d e v ia t io n  d e c rea s in g  and i t s  p o in t  o f  d e v ia t i o n  moving to  
lower p r e s s u r e  ( i n ^  /P  -  37 ) .
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This e f f e c t  i l l u s t r a t e s  how u l t r am ic ro p o res  narrow and so 
r e s t r i c t  a d so rb a te  access  s i n c e ,  i f  long e q u i l i b r a t i o n  
t imes a re  used ,  a l l  pores would e v e n tu a l ly  be f i l l e d .  For 
s h o r t e r  t imes the  pore s i z e  which appears  c losed  i s  ap p a ren t ly  
l a r g e r  (hence the  d e v ia t i o n  p o i n t  i s  a t  lower e) and more 
pore volume i s  invo lved .  The e f f e c t  o f  t h i s  d e v i a t i o n  on 
the p o t e n t i a l  d i s t r i b u t i o n  i s  seen in  f i g u r e  7.14where i t  
appears  as a r e d u c t io n  in  frequency  o f  high e micropores .
These f in d i n g s  su ppor t  the  view t h a t  Marsh and Rand type A 
D-R p lo t s  a re  due to  a v a r i a t i o n  in d i s t r i b u t i o n  from the  
Rayleigh form. The ob se rv a t io n  o f  such d e v ia t io n s  a r e ,  
however, very  dependent upon a d s o r b a t e / t e m p e ra tu re / t im e  
c o n d i t i o n s .
%4.6.Em=v -  C o r r e l a t i o n  -  The P ivo t  P o in t  f o r  Heat-
I l ia X  O
t r e a t e d  Carbons
The s i m i l a r i t y  o f  shape f o r  both e ^nd v p lo t s  r e s u l t smax o
in  an approx imate ly  l i n e a r  r e l a t i o n s h i p  between and 
( F i g u r e z  1 6 c ) .  The s i g n i f i c a n c e  o f  t h i s  r e l a t i o n ­
sh ip  i s  t h a t  a l l  the  D-R p lo t s  i n t e r s e c t  a t  the  same p o in t .
This p o i n t ,  to  be c a l l e d  a " p i v o t  p o i n t " , can be lo c a t e d  as
-1 ?
shown in  Appendix C, and i s  found to  be = _ 270 (kJ mol" ) 
and inV = 1 . 0 9 . The p l o t s ,  t h e r e f o r e ,  never  a c t u a l l y  i n t e r s e c t ,  
but only i f  e x t r a p o l a t e d  beyond the  inV a x i s .  One can see t h a t  
a general  c o r r e l a t i o n  w i l l  e x i s t  because any change in  i s  
accompanied by a s i m i l a r  change in  bu t  to  see  i f  th e
l i n e a r i t y  o f  the  c o r r e l a t i o n  s i g n i f i e d  a p a r t i c u l a r  mode o f  
v a r i a t i o n ,  a number o f  i d e a l i z e d  models were con s id e red  (F igure  7 .1 6 )
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I f  model A were a p p r o p r i a t e ,  a p l o t  o f  a g a i n s t
c (c -  E ) would be l i n e a r ,  whereas model B would bemax max o
c o r r e c t  i f  V a g a i n s t  (e -  e ) were l i n e a r .  Model C o  ̂ '  max o
might be thought a p p ro p r i a t e  s ince  i t  p r e d i c t s  l i n e a r i t y
between V and e -  which i s  the  e x p e r im en ta l ly  foundo max
c o r r e l a t i o n .  Model C i s ,  however,  f a r  from th e  ac tua l  
d i s t r i b u t i o n  shapes ( f i g u r e s 7.13 a n d 7.14 ) .
In p r a c t i c e  the da ta  give s t r a i g h t  l i n e s  f o r  a l l  th r e e  
models,  and a l l  have s u f f i c i e n t  s c a t t e r  to  p reven t  one being
claimed most a p p r o p r i a t e .  The observed V -  e c o r r e l a t i o n  i so max
t h e r e f o r e  s u f f i c i e n t l y  i n s e n s i t i v e  to  model as to  p reven t  
g e n e r a l i s e d  deductions  to  be made.
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7.5 Adsorption  Study o f  I so the rm a l ly  
H e a t - t r e a t e d  Carbons
7 .5 .1 .  I n t r o d u c t i o n
To give some idea  o f  the  r a t e  a t  which s t r u c t u r a l  changes 
occur ,  a t  d i f f e r e n t  t e m p e ra tu re s ,  a s e t  o f  c e l l u l o s e  carbons 
were h e a t - t r e a t e d  f o r  d i f f e r e n t  t imes a t  1270, 1470, 1570 
and 1670 K. Times s e l e c t e d  were 2,  5, 10 and 30 mins.
(the  h e a t in g  programme i s  given in Appendix A (5)) .  The 
nomenclature used i s  such t h a t  a carbon heated  a t  1470 K f o r  
5 mins i s  1470 (5 ) .
7 .5 .2 .  R esu l t s  and d i s c u s s io n
Adsorption da ta  o f  COg a t  295 K were p l o t t e d  in  D-R 
c o o r d i n a t e s ,  as shown in  f i g u r e s  7.17 to  7 .21 .The open micro­
pore volumes,  v^ ,  a re  shown in  f i g u r e  7.22  as a fu n c t io n  of  
HTt. The 1270 K carbons a re  l a r g e l y  u n a f fec ted  by the  t ime 
o f  h e a t - t r e a t m e n t  w h i l s t  the  1470 K carbons only show a s l i g h t
re d u c t io n .  The v a r i a t i o n  o f  e f o r  these  carbonsmax
( f ig u re  7.23 ) i s  a l s o  u n e v en t f u l .  This sugges ts  t h a t  th e  
porous s t r u c t u r e  i s  f a i r l y  s t a b l e  a t  these  tempera tures  and 
t h a t  i f  an a c t i v a t i o n  energy i s  requ i red  f o r  pore c lo su r e  i t  
i s  not a t t a i n a b l e  a t  t h e se  tem pera tu res .
The gradual lo s s  o f  a t  1570 K sugges ts  pores a re  c lo s i n g  
over the  whole t ime range but  t h i s  e f f e c t  i s  a c c e l e r a t e d  a t  
1670 K, where the  r e d u c t io n  in  i s  q u i t e  r ap id  and probably  
con t inu ing  a f t e r  30 mins. The ab so lu te  values  of  f o r  the  
1670 K carbons  have l i t t l e  meaning s ince  a c t i v a t e d  d i f f u s i o n  
was pronounced ( e q u i l i b r a t i o n  times of  ~ 1 2  hours were
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used) .  This e f f e c t  not only reduces " t ru e"  ad so rp t io n  
a t  a given p re s su re  but a l so  d i s t o r t s  the  iso therm because 
the  samples a re  c l o s e r  to e q u i l ib r iu m  a t  high p re s su re  
than low p r e s s u r e .  This i s  a r e s u l t  o f  the  narrow pores 
having had more t ime to  f i l l ,  as well as the  h ig h e r  p re s su re  
r e s u l t i n g  in  more f r e q u e n t  c o l l i s o n s  between pore en t ra n ce s
and a d so r b a te  m olecu les .  The V value  o f  0.37 ml g”  ̂ f o r  theo ^
1670 (2) carbon should  be seen in t h i s  l i g h t .  The r e l a t i v e  
values  a re  o f  s i g n i f i c a n c e  s ince  a l l  1670 K samples were 
measured under i d e n t i c a l  c o n d i t i o n s .
7 . 5 . 3. The Development o f  Negative Devia tions  from D-R L i n e a r i t y  
The o n s e t  o f  pore c lo s u r e  i s  again  evidenced by a type A 
downward d e v i a t i o n  o f  D-R p l o t s .  For e q u i l i b r a t i o n  t imes of 
~ 2  hours the  d e v ia t i o n  f o r  the  1470 (10) sample occur red  
a t  i n ^ ^ / P  ^  5 0 , bu t  i t  becomes more pronounced f o r  the  
1470 (30) sample ,  which a l so  d e v ia t e s  a t  a h ig h e r  p re s su re  
( in^  P^/P -  4o) -  see f i g u r e  7 .21 .  When re p e a te d  with 19 
hour e q u i l i b r a t i o n  t imes th e se  d e v ia t io n s  d isappea red  
( f i g u r e  7 . 1 8 ) .  Type A d e v ia t io n s  occurred  with a l l  1570 K 
ca rb o n s ,  th e  e x t e n t  o f  d e v i a t i o n  in c r e a s in g  and i t s  p o s i t i o n  
moving t o  lower i n  ^ P^/P v a l u e s ,  with  i n c r e a s in g  HTt. The 
s t ee p  g r a d i e n t s  found f o r  the  1670 K samples sugges t  t h a t  the 
" d e v ia t io n "  has moved to  such high p re s su re s  as t o  encompass 
the  whole p r e s s u r e  range.  The ad so rp t io n  a t  h ig h e r  e v a lu e s ,  
f o r  the  1670 K c a rbons ,  i s  no longe r  c h a r a c t e r i s t i c  o f  micro­
pore f i l l i n g  bu t  probably  r e p r e s e n t s  l o c a l i s e d  a d so r p t io n  on 
wide pore s u r f a c e .  This p o in t  i s  d i scu ssed  in  r e l a t i o n  to 
a l l  carbons in  c h a p te r  9 .
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7.6 General Discussion
In the s tudy o f  isochrona l  ly h e a t - t r e a t e d  carbons i t  was
seen t h a t  a lo s s  o f  was r e l a t e d  to  a coar sen ing  o f  pores
( i . e .  a d ecrease  o f  e ) .  The i s o th e rm a l ly  h e a t - t r e a t e d  ' max'
carbons a llow a c l e a r e r  view of  t h i s  r e l a t i o n s h i p .  Heat-  
t r e a tm e n t  causes  a general  coarsening  o f  pores so t h a t  many 
f i n e  pores a re  e l im in a t e d .  As small pore e n t r a n c e s  c l o s e ,  the  
access  f o r  ad so rb a te  molecules to  micropores becomes more 
d i f f i c u l t  (hence longe r  e q u i l i b r a t i o n  t imes a re  needed) .
However, in the  i n i t i a l  s t a g e s ,  coarsen ing  w i l l  occur  and many 
f i n e  pore e n t r a n ce s  may c lo se  but access  w i l l  s t i l l  be r e t a i n e d  
because o th e r  pore en t ran ces  e x i s t ,  which remain open. In t h i s
c a s e  G w i l l  d e c r e a s e  but  V w i l l  remain r e l a t i v e l y  u n a f f e c t e dmax o
During the  l a t t e r  s tag e s  o f  coarsen ing  many o f  the  remaining 
small pore e n t ra n ce s  w i l l  be e l im in a ted  and the lo s s  o f  Vo
w il l  be more dramat ic  f o r  a comparat ive ly  small  r e d u c t io n  in
E . These e f f e c t s  a re  shown by the  1670 K carbons where themax
coarsen ing  ( i n d i c a t e d  by e ) has occurred r a p i d l y  bu t  V' max^ r Q
co n t inues  to  g ra d u a l ly  decrease  w h i l s t  e i s  n e a r ly  c o n s t a n t .max
Because the  changes in  e and V have a d i f f e r e n t  t ime ̂ max: o
dependence,  carbons in  the  pore c lo su re  s t a g e  w i l l  only
e x h i b i t  a V -  e c o r r e l a t i o n  i f  they have been h e a t -o max
t r e a t e d  f o r  i d e n t i c a l  t im es .  T h i s ,  however, i s  no t  n e c e s s a r i l y  
the  case  f o r  the  pore development s tage  ( i . e .  up to  1270 K), 
as i s  sugges ted  by the  l e s s  p r e c i s e  c a r b o n i s a t i o n  sch e d u le s .
The "befo re  and a f t e r  h e a t - t r e a tm e n t"  s i t u a t i o n  i s  r e p r e se n te d  
s ch e m a t i c a l ly  in  f i g u r e  7 . 9 .  This shows how th e  u l t r a m i c r o -
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porous s t r u c t u r e  coarsens  to  one of  supermicropores ,  
which a re  c lo sed  o f f  by t u r b o s t r a t i c  spac ings .
- 1 3 2 -
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7 .7 .  High Reso lu t ion  E lec t ro n  Microscopy
7 .7 .1  . In t ro d u c t io n
Any i n v e s t i g a t i o n  i n t o  m i c r o s t r u c tu r a l  changes would be a ided 
c o n s id e ra b ly  by the  o p p o r tu n i ty  to  d i r e c t l y  observe  th e  
s t r u c t u r e  on a s c a l e  commensurate with the  pore s i z e .
Conventional t r an sm iss io n  e l e c t r o n  microscopy, o p e ra t in g  with 
d i f f r a c t i o n  c o n t r a s t ,  has a maximum r e s o l u t i o n  l i m i t  o f  ca.  1 nm
1 n o
» To r e s o lv e  p o in t s  below t h i s  f ig u r e  r e q u i r e s  th e  use 
o f  phase c o n t r a s t .
High r e s o l u t i o n ,  phase c o n t r a s t ,  t r a n sm is s io n  e l e c t r o n
microscopy (HREM) began with the  now c l a s s i c a l  work of  
184
Menter who d i r e c t l y  observed the  1.195 nm (201) l a t t i c e  
p lanes  o f  p la t inum ph tha locyan ine .  I t s  a p p l i c a t i o n  to
185
g r a p h i t i z e d  carbons was i n i t i a t e d  by Heidenre ich  e t  a l  
who recorded  micrographs with f r i n g e s  which appeared to  
correspond to  the 0.34 nm spacings  o f  the  (002) p la n es .
The techn ique  as a p p l i e d  to  carbons in genera l  i s  now well  
e s t a b l i s h e d  186-188 _
189-193
The th e o ry  o f  HREM i s  adequa te ly  covered in  many reviews 
and w i l l  no t  be t r e a t e d  h e re ,  excep t  to  say t h a t  to  observe 
phase c o n t r a s t  one must underfocus the microscope. The 
degree o f  underfocus  i s  im por tan t  s in ce  a l l  microscopes e x h i b i t  
s p h e r i c a l  a b e r r a t i o n  and t h i s  r e s u l t s  in  some spac ings  being 
imaged wi th  more c o n t r a s t  than o t h e r s .  The v a r i a t i o n  o f  c o n t r a s t  
i n t e n s i t y  with spacing (known as the  " t r a n s f e r  f u n c t io n " )
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i s  h e a v i l y  dependent upon the degree o f  de focus ,  hence 
spur ious  f r i n g e s  and a d i s t o r t i o n  of the  t r u e  s t r u c t u r e  can be 
ob ta in ed  i f  the  c o r r e c t  degree o f  defocus i s  no t  used.
7 .7 .2  Experimental
Two microscopes  were u sed -a  P h i l i p s  EM 300 f i t t e d  with  an
image i n t e n s i f i e r  and a JEOL JEM 100 C. The P h i l i p s  had a
s p h e r i c a l  a b e r r a t i o n  c o e f f i c i e n t  (C^) o f  1.6 mm and requ i red
an optimum defocus o f  92.5 nm t o  image 0.34 nm spac ings
t r u t h f u l l y .  The JEM was f i t t e d  with  a s p e c i a l  high r e s o l u t i o n
o b j e c t i v e  l e n s  which gave a o f  0 .67 mm. This cons ide rab ly
extends  th e  r eg io n  o f  defocus over which f a i t h f u l  images a re
o b ta in e d .  A defocus o f  55 nm was b e s t  f o r  t h i s  microscope.
The defocus  i s  achieved by o b ta in in g  zero  c o n t r a s t  ( i . e .  no
image) which corresponds  to  the  foca l  p o s i t i o n ,  then tu rn in g
the  c a l i b r a t e d  focus  knobs the  r e q u i r e d  amounts. Samples were
prepared by d u s t in g  dry carbon powder onto holey carbon
suppor t  f i l m s .  Only th e  edges o f  p a r t i c l e s  which b r idge  f i lm
holes  were looked a t .  Only i f  the  a rea  i s  l e s s  than the
maximum o f  10 nm t h i c k  w i l l  the  zero  c o n t r a s t  c o n d i t io n  a r i s e .
D ispers ion  o f  powder in  s o lv e n t s  i s  unnecessary  and to  be avoided
194due to  o u tg a s s in g  e f f e c t s ,  which can degrade images
7 . 7 . 3. R esu l t s  -  H e a t - t r e a t e d  s e r i e s
Micrographs o f  carbons h e a t - t r e a t e d  to  1170, 1470 and 1870 K 
a re  shown in  f i g u r e s  7 .2 4 t o 7.26 •
The 1170 K carbon has a t y p i c a l l y  "amorphous" s t r u c t u r e  
which i s  a r e s u l t  o f  l a y e r - p l a n e s  being s h o r t  and h igh ly
—13 8 —
d e f e c t i v e .  H e a t - t r e a tm e n t  to  1470 K shows a s l i g h t
development o f  s t r u c t u r e  but  the  emergent l a y e r - p l a n e s  a re  s t i l l
s h o r t .  By a HIT o f  1870 K the  l a y e r - p l a n e  s t r u c t u r e  i s  well
developed and i s  s i m i l a r  to  t h a t  found f o r  g l a s s y  carbons ( th e
82
o r i g i n s  o f  the  Jenkins  model shown in  f i g u r e  2 .6  should be 
obv ious ) .  A remarkable development o f  s t r u c t u r e  occurs  over 
a r e l a t i v e l y  small HTT range of 1600 -  1800 K and co in c id es  with 
the comple tion o f  secondary c a r b o n i s a t i o n ,  t o t a l  micropore 
c l o s u r e ,  in c re a se d  growth r a t e  o f  and a,  and re d u c t io n  of
^ 0 0 2 *
I f  we equa te  l i g h t  a reas  with pores and dark a reas  with m a t r ix ,  
the pores in  low HTT carbons appear to  be the  space between 
d i s o rd e re d  groupings  of s h o r t  l a y e r - p l a n e s .  For very low HTT 
carbons ( < 1 1 0 0  K), where very l i t t l e  l a y e r  s t a c k in g  o c cu r s ,  the  
term " s h o r t  l a y e r - p l a n e s "  might l e g i t i m a t e l y  be rep laced  by 
"condensed p o lynuc lea r  a romat ic  g roupings" .  With t h i s  change 
of  s en s e ,  the  Riley  te t r a p h en y len e  model ( f i g u r e 2 . 4  )can again  
be seen as a s u i t a b l e  p re c u rso r  from which th e s e  s t r u c t u r e s  
might develop .  The pores in  the se  carbons appear  to  be small 
and f i n e l y  d i s p e r s e d .  For the  1870 carbon th e  pores a re  much 
l a r g e r ,  fewer ,  and a re  now the  voids between reasonab ly  well  
formed l a y e r - p l a n e s .  The micropore coar sen ing  e f f e c t  i s ,  
t h e r e f o r e ,  well i l l u s t r a t e d  by high r e s o l u t i o n  microscopy.
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Fig. 7.24 HTT 1170 K i
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High Resolution Electron 
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A C T I V A T I O N
CHAPTER 2
8.1 The E f f e c t  o f  A c t iv a t io n  on S t r u c t u r e  
I n t r o d u c t i o n
Because th e  s t r u c t u r a l  changes occu r r in g  with h e a t - t r e a t m e n t  
appear to  be c l o s e l y  l in k e d  with the  h e te ro e le m e n t  and d i s ­
ordered  m a te r i a l  c o n t e n t ,  i t  was decided to  p a r t i a l l y  
g a s i f y  ( a c t i v a t e )  c a r b o n s , th e n  h e a t - t r e a t  them. I f  d i so rd e re d  
m a te r ia l  was p r e f e r e n t i a l l y  a t t a c k e d  then one would expec t
a c t i v a t e d  carbons  to  be a f f e c t e d  d i f f e r e n t l y  by h e a t -
195
t re a tm e n t .  Kotlensky and Walker found t h a t  a c t i v a t i o n  of  
a carbon b lack  caused a l a r g e r  dec rea se  i n  helium d e n s i t y ,  
on h e a t in g  to  1870 K, than f o r  the  u n a c t i v a t e d  carbons .
This could e i t h e r  be due to  a c t i v a t i o n  i n c r e a s i n g  th e  ease  
with which pores a r e  c lo sed  o f f  o r  i t  could  be a r e s u l t  of  
the  c r e a t i o n  o f  new, s m a l l ,  mic ropores  which subsequen t ly  
c losed  o f f  on h e a t i n g .  These p o s s i b i l i t i e s  ought  to  be 
r e s o lv a b le  by a d so r p t io n  measurements.
The concept  o f  s e l e c t i v e  s t r u c t u r a l  g a s i f i c a t i o n  has been 
adopted by a number o f  workers
but has only r e a l l y  been demonst ra ted  f o r  carbon b lacks  199,200 
201
Marsh e t  al examined o x id i s e d  carbon b lacks  by HREM
and found no change in  t h e i r  i n t e r l a y e r  spac ing  d i s t r i b u t i o n s ,
bu t  the  l a y e r s  appeared to  have in c r e a s e d  in  a lignment and
a re a .  This was a s c r ib e d  to  t h e  removal o f  l e s s  o rgan ised
c o n s t i t u e n t s ,  l e av ing  th e  remaining f r a c t i o n s  w i th  a more
202c r y s t a l l i n e  appearance .  HREM was a l s o  used by Robins 
to  f in d  where a c t i v a t i o n  was removing carbon from a charcoal
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c l o t h ,  bu t  he could not d e t e c t  any changes in  th e  micro­
s t r u c t u r e .  Because o f  the  disharmony o f  the  above views, 
samples were a l s o  s tu d i e d  by x - r a y  d i f f r a c t i o n  to  t r y  and 
unders tand  the  changes induced by a c t i v a t i o n .
—143 —
8.2  Adsorption Study o f  the  E f f e c t s  o f  A c t iv a t io n
8 . 2 . 1 .  Resu l ts
A s e r i e s  o f  1170 K carbons were a c t i v a t e d  in  f lowing,  
a tmospher ic  p r e s s u r e ,  COg a t  1120 -  1170 K (see  Appendix A(2) 
f o r  d e t a i l s ) .  Adsorption da ta  f o r  COg a t  293 o r  295 K, were 
p l o t t e d  in  D - R c o o rd in a t e s .  Typical  p l o t s  a re  shown 
in f i g u r e  8.1 and shows a c t i v a t i o n  to  in c re a s e  both th e  g r a d ie n t s  
and i n t e r c e p t s .  Carbons o f  high burn o f f  (B.O.) show a s l i g h t  
c u rv a tu re  over the  whole p re s su re  range.
The open micropore volumes, f i g u r e  8.2  , i n c r e a s e  over th e  
whole range o f  B.O.,  bu t  a t  a d ecreas ing  r a t e .  The modal
values  f o r  the  f r e e  energy d i s t r i b u t i o n s ,  e , were c a l c u l a t e dmax
from D-R g ra d ie n t s  by equa t ion  7 .11 .  These v a lu e s ,  f i g u r e  8 .3 ,  
show a s teady  decrease  with B.O. -  implying an in c re a s in g  
mean pore s i z e .
Discussion
8 . 2 . 2 .  E -  V C o r re l a t i o n  -  The P iv o t  P o in t  f o r  A c t iva tedmax o___________________________________________________
Carbons
As with  th e  i s o c h r o n a l l y  h e a t - t r e a t e d  carbons ( s e c t i o n  7 .4 .6 )
t h e r e  i s  a c o r r e l a t i o n  between V and z  bu t  in  t h i s  caseo max
i t  i s  an in v e rse  one.  The p l o t  o f  z  a g a i n s t  v ( f i g . 8 .4 )  shows ̂ max  ̂ o '  *
an approximate ly  s t r a i g h t  l i n e ,  which becomes more curved a t  
h ig h e r  (and hence B .C . ) .  The l i n e a r  p a r t  means t h a t  
f o r  a c t i v a t i o n  up to  about 30% B.O. (V^ = 0 . 5  ml g~^) the  D-R 
p lo t s  i n t e r s e c t  a t  a common c e n t r e  -  a " p iv o t  p o i n t " .  A ppl ica ­
t i o n  o f  the  eq ua t ions  given in  Appendix C to  the  l i n e a r  p a r t  of 
f i g u r e  8 .4  g ives  the  l o c a t io n  o f  the  p iv o t  p o i n t  as e =
16.4 kJ mol ^ , In  V = -  3 .2 ,  i . e .  w i th in  the measured range
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of  a d s o r p t io n .  In s p e c t io n  o f  f i g u r e  4 .4  shows t h a t  f o r  
d i s t r i b u t i o n s  o f  dec rea s in g  E to  adsorb the  same volume by 
a given p o i n t  ( th e  p iv o t  p o in t )  the  t o t a l  adso rp t io n  volume 
must i n c r e a s e .  This i s  well i l l u s t r a t e d  by th e  e f f e c t  
of  a c t i v a t i o n  on the  change in  c h a r a c t e r i s t i c  cu rv e s ,  f i g u r e  8.5  . 
For carbons a c t i v a t e d  to  l e s s  than  30% B.O. th e  curves are  
v i r t u a l l y  c o i n c i d e n t  f o r  e > 16 .4 .  At lower e values
the amount o f  a d so r p t io n  in c r e a s e s  in  o r d e r  o f  a c t i v a t i o n .  
A c t iv a t io n  g r e a t e r  than 30% causes  a decrease  in  ad so rp t io n  
a t  low p r e s s u r e  so t h a t  the  curves  a re  no longer  c o i n c i d e n t  
up to the  p iv o t  p o in t .  In the  high p re s su re  (low e) s e c t i o n ,  
a c t i v a t i o n  a lways ,  e v e n t u a l l y ,  causes  an in c re a s e  in 
ad so rp t io n  bu t  the  p o in t  a t  which t h i s  occurs  s h i f t s  to  
lower e va lues  as the  a c t i v a t i o n  i n c r e a s e s .
These r e s u l t s  su g g es t  t h a t  a c t i v a t i o n ,  up to  30% B.O., 
c r e a t e s  new, f a i r l y  l a r g e ,  p o re s ,  bu t  leaves  the  very small 
ones r e l a t i v e l y  u n a f f e c t e d .  This could  invo lve  a complete 
burn ou t  o f  g roups ,  o r  domains,  o f  micropore  s t r u c t u r e ,  wi th  the  
ac tua l  micropores  remaining l e s s  a f f e c t e d  because  of  th e  
d i f f i c u l t y  o f  o x id a n t  to  d i f f u s e  i n ,  o r  CO to  d i f f u s e  ou t  -  
both o f  which i n h i b i t  the  g a s i f i c a t i o n  r e a c t i o n s .  At h ighe r  
a c t i v a t i o n s  a process  of  enlargement o f  e x i s t i n g  pores seems to  
occur ,  wi th  much o f  the  l a r g e  pore volume being gained a t  
the  expense o f  small po res .  This changeover from e s s e n t i a l l y  
ex te rn a l  to  i n t e r n a l  g a s i f i c a t i o n  must be due to  the i n i t i a l l y  
formed l a r g e  pores  c o n s t i t u t i n g  a connec t ing  mesopore network, 
which a llows t r a n s p o r t  o f  o x id a n t  to  the  micropores  -  so causing 
t h e i r  a t t a c k .
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Although the  p r e c i s e  r e l a t i o n s h i p  between e and pore s i z e  
i s  unknown, we may expec t  (from Morse type p o t e n t i a l  curves)  
t h a t ,  f o r  a given i n c r e a s e  in  s i z e ,  the  change in  e f o r  a small  . 
pore w i l l  be g r e a t e r  than f o r  the  same in c r e a s e  in  a l a rg e
pore .  This being so ,  the  d ecrease  in  e f o r  a given ̂ max
i n c re a se  in  w i l l  be l a r g e s t  when a c t i v a t i o n  occurs in
small m ic ropores ,  i . e .  a t  high B.O. The d e v ia t io n  from
l i n e a r i t y  of  the  c -  V c o r r e l a t i o n ,  a t  high B.C.,max o ^
sugges ts  t h i s  to  be the  case .
3.2.3.  P o s i t i v e  Devia tions  from D-R l i n e a r i t y  
I f  the  porous s t r u c t u r e  does n o t  g a s i f y  un i fo rm ly ,  a c t i v a t i o n  
w i l l  cause an i n i t i a l l y  Rayle igh d i s t r i b u t i o n  o f  p o t e n t i a l  
to  develop an excess ive  t a i l  a t  high e -  due to  inc reased  
r e t e n t i o n  o f  f in e  pores .  The r e s u l t a n t  concave D-R p lo t s  
a re  indeed found f o r  high B.O. carbons .  This lends  evidence 
to  Marsh and Rand type B p lo t s  being due to  a s t r u c t u r a l  
a r t e f a c t .
Whils t  the  cu rva tu re  found a t  high p r e s su re  i s  be l ieved  to  be 
due to  a change in d i s t r i b u t i o n ,  the  low p re s su re  dev ia t io n s  
are probably  due to  l o c a l i s e d  a d s o r p t io n .  This e f f e c t  i s  
r evea led  most c l e a r l y  f o r  h igh ly  a c t i v a t e d  carbons because of  the  
high g ra d i e n t  o f  the  p l o t  a t  high p r e s s u r e .  These po in t s  are  
d i scussed  f u r t h e r  in Chapter 9.
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8 .3  X-Ray Study o f  A c t iv a t io n
8.3 .1  . In t r o d u c t io n
The most obvious e f f e c t  o f  a c t i v a t i o n  i s  to cons ide rab ly  
i n c re a se  the  i n t e n s i t y  o f  SAXS over  i t s  whole range.  This 
can r e s u l t  in  a complete overshadowing o f  th e  (002) r e f l e c t i o n  
(see f i g u r e s  8 .6  and 8 .7  ) ,  no t  only because o f  the inc reased  
r e l a t i v e  i n t e n s i t y  o f  the  SAXS bu t  a l s o  because the s c a t t e r i n g  
reduces the  e f f e c t i v e  i n t e n s i t y  o f  the  i n c i d e n t  beam, as seen 
by the  c r y s t a l l i t e s .
To avoid  the  problems o f  v a r i a t i o n  w i th in  a range o f  v i r g i n  
samples two s e p a r a t e  carbon p e l l e t s  (both carbon ised  to 
1170 K) were a c t i v a t e d  to d i f f e r e n t  degrees  o f  burn o f f  (B .O .) ,  
in s t a g e s .  A c t iv a t io n  was c a r r i e d  ou t  wi th  COg, under 
a tmospheric  p r e s s u r e ,  a t  1170 K ( d e t a i l s  in  Appendix A(2)) .
8 . 3 . 2 .Small Angle X-ray S c a t t e r i n g
The c o r r e l a t i o n  d i s t a n c e s ,  a ,  o b ta ined  from Debye p l o t s ( f i g . 8 .8 )  a re  
shown in  f i g u r e  8 . 9 .  A c t iv a t io n  c l e a r l y  i n c re a s e s  a ,  ap p a ren t ly  
a t  a l i n e a r  r a t e  up to ca .  25% B.O. then a t  a decreas ing  r a t e .
Unlike with  the  h e a t - t r e a t e d  s e r i e s  one cannot make assumptions 
about cons tancy  of  the  volume f r a c t i o n  o f  p o re s ,  s ince  
a c t i v a t i o n  w i l l  remove carbon from w i th in  the  porous s t r u c t u r e .
F o r tu n a t e ly ,  the  s t r u c t u r e  i s  s u f f i c i e n t l y  open f o r  ad so rp t io n  
a t  295 K to  y i e l d  the  t o t a l  micropore volume. Micropore 
volumes were t h e r e f o r e  taken from D-R p l o t s  f o r  an a c t i v a t e d
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s e r i e s  ( s e e f i g u r e  8 .2 ) .  The d e n s i t y  of  the  carbon phase
was taken as 2 .8  g ml , f o r  the  reasons given in s e c t io n  7.1 .1  
The values  o f a ^  and&^ a re  shown in  f i g u r e  8 .10.
8 .3 .3 .  E f f e c t  o f  A c t iv a t io n  on a 
  £
The mean i n t e r c e p t  leng th  o f  p o re s ,  i s  seen to  i n c r e a s e ,  
a lmos t l i n e a r l y ,  with  B.O. This sugges ts  pore widening, 
or  the  c r e a t i o n  o f  l a rg e  p o re s ,  which occurs even a t  low 
B.O. The c r e a t i o n  o f  small micropores  does not seem to  be 
very n o t i c e a b l e  s in ce  t h i s  would cause a c o n s t a n t ,  or 
d e c r e a s in g ,  value o f  wi th  B.O.
8.3 .4 .  E f f e c t  o f  A c t iv a t io n  on z______________________________ m
The slow, bu t  d e f i n i t e ,  in c re a s e  in  with  B.O. sugges ts  t h a t ,
where micropores a re  a f f e c t e d ,  i t  i s  the  th in - w a l l e d  ones
which a re  p r e f e r e n t i a l l y  b u r n t  o u t  -  so leav ing  a m atr ix  o f
s t a t i s t i c a l l y  t h i c k e r  w a l l s .  This process  might be env isaged
as a burn o u t  o f  d e f e c t iv e  s i n g l e  l a y e r - p l a n e s  to  leave the
more s t a b l e  s t a c k s ,  o r  well  formed p lanes .  Even a t  60% B.O.,
z i s  only  0.49 nm -  which i s  somewhat l e s s  than L f o r  an m c
u n a c t iv a te d  carbon (0 .88 nm). This sugges ts  t h a t  many o f  the  
d e f e c t iv e  s tac k s  and l a y e r - p l a n e s  a re  not removed by g a s i ­
f i c a t i o n .  This must r e f l e c t  th e  d i f f i c u l t y  of ox idan t  gas 
to  reach w i th in  the  microporous s t r u c t u r e ,  and so s e l e c t i v e l y  
g a s i f y  th e  d e f e c t iv e  m a t e r i a l .
8 .3 .5 . The Need f o r  Jh^-h^  p l o t s
Thus f a r ,  t h e re  i s  a s i m i l a r i t y  between a c t i v a t i o n  and h e a t -  
t r e a tm e n t ,  s ince  both cause a coarsen ing  o f  both pores and 
m a tr ix .  This i s  no t  the  f u l l  s t o r y  s in ce  a cursory  glance
- 1 4 8 -
a t  the  exper imental  d i f f r a c t i o n  p a t t e r n s  shows a c t i v a t i o n  to  
in c rease  the  i n t e n s i t y  o f  SAXS a t  l a rg e  ang les ,  so as to  
overshadow the  (002) peak. H e a t - t r e a tm e n t  only  causes  an 
in c rease  in s c a t t e r i n g  a t  low ang les  and, in  f a c t ,  causes a 
r educ t ion  in  SAXS a t  h igh a n g le s .  These d i f f e r e n c e s  a re  
well i l l u s t r a t e d  by Jh^  -  p l o t s  (see  s e c t i o n  7.1.2) 
f o r  some a c t i v a t e d  c a r b o n s ,  f i g u r e s  8.11 a n d 8.12 .
8 .3 .6 .  E f f e c t  o f  A c t i v a t i o n  on
The i n t e r c e p t s  from such p l o t s ,  b ^ ,  a re  given in f i g u r e 8.13 and 
show an in c re a s e  over the  whole range o f  a c t i v a t i o n .  This 
must r e s u l t  from th e  p ro d u c t io n  of  well  d e f ined  pores .
These could e i t h e r  be mesopores c r e a t e d  by b u rn -ou t  of  
domains of  m ic ropore s ,  o r  l a r g e  supermicropores  which have 
been widened from u l t r a m ic r o p o r e s  -  the l a t t e r  process 
probably  being favoured  a t  high a c t i v a t i o n .  The in c rease  in  
b^ i s  c o n s id e ra b ly  g r e a t e r  than  t h a t  caused by h e a t - t r e a t m e n t ,  
f o r  i n s t a n c e ,  the  i n c r e a s e  caused by h e a t in g  an 1170 K carbon 
to  1870 i s  the  same as o b ta in e d  by a c t i v a t i n g  the  carbon to  
20% B.O. This i s  t o  be expec ted  s in ce  removal o f  carbon by 
g a s i f i c a t i o n  c r e a t e s  l a r g e  voids  e a s i e r  than  by a packing 
to g e th e r  o f  widely  spaced l a y e r - p l a n e s
8.3.7.  E f f e c t  o f  A c t iv a t io n  on b^
The major d i f f e r e n c e  between h e a t - t r e a t m e n t  and a c t i v a t i o n  i s  
seen from the  b^ va lues  (F igu re  8 .1 4 ) .  Whils t  hea t ing  causes  
an o v e ra l l  r e d u c t io n  in  b^  ( n e g le c t i n g  a small maximum a t  
low HTT), a c t i v a t i o n  causes  i t  to  i n c re a s e  up to  35% B.O.,  
leve l  o f f ,  then a p p a r e n t ly  dec rea se  a f t e r  ~60% B.O. The
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fo l lowing  e x p la n a t io n s  were cons ide red  f o r  the i n i t i a l  in c re a s e  
in  e l e c t r o n  d e n s i t y  f l u c t u a t i o n s  with a c t i v a t i o n  : -
1, A c t iv a t io n  could be producing vacanc ies  and vacancy 
loops w i th in  l a y e r - p l a n e s  -  the  i n c re a s e d  d e f e c t  c o n c e n t r a t io n  
would in c r e a s e  s c a t t e r  which has a dependence.
2,  Hydrogen r i c h  m a te r i a l  could  be p r e f e r e n t i a l l y  removed 
from micropore s u r f a c e s .  This m a te r i a l  would cause a b l u r r i n g  
o f  the  s o l i d / v o i d  i n t e r f a c e  so t h a t  i t s  removal would sharpen 
the  boundary. Such an e f f e c t  would r e s u l t  in  the  removal of  
a n e g a t i v e ,  h ^ dependent ,  c o n t r i b u t i o n  to  the  s c a t t e r i n g  
(see  s e c t i o n  7.1. 2 ) .
3, From the  a d so r p t io n  s e c t i o n  ( 8 .2  ) i t  seems t h a t ,  due to 
t r a n s p o r t  d i f f i c u l t i e s ,  very l i t t l e  a t t a c k  o f  f i n e  micropores 
o ccu r s ,  up to  30% B.O. -  y e t  t h i s  i s  the  reg ion  where 
i n c re a s e s  most.  Exp lana t ions  1, and 2,  both r e q u i r e  an in t im a te  
a t t a c k  o f  micropore  s t r u c t u r e  such t h a t  s p e c i f i c  p a r t s  o f  
l a y e r - p l a n e s  a re  g a s i f i e d ,  bu t  with  r e t e n t i o n  of  the  network.
I t  seems more l i k e l y  t h a t  a complete burn ou t  o f  supermicropores  
( i . e .  those  e a s i l y  a c c e s s i b l e )  occurs  -  to  leave  the  narrower 
u l t r a m ic ro p o r e s .  Now, so f a r  we have assumed t h a t  very small  
voids -  d e n s i t y  f l u c t u a t i o n s  -  s c a t t e r  accord ing  to  a j  = h ^ 
dependence.  This d i v i s i o n  must be a r b i t r a r y  s in ce  small pores 
must e x i s t  which s c a t t e r  x - r ay s  with  an in te rm e d ia te  a n g u la r
“ 1  — Q
dependence,  i . e .  a combinat ion o f  h and h . Super­
micropores  w i l l ,  t h e r e f o r e ,  have a s m a l l e r  h ^ component 
t h a t  u l t r a m ic r o p o r e s ,  so t h a t  t h e i r  p r e f e r e n t i a l  bu rn -o u t  w i l l  
cause the r e s u l t a n t  m a t r ix  to  s c a t t e r  with  a more i n t e n s e  h
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component.
The red u c t io n  in  a t  high B.O. may r e f l e c t  the  i n c r e a s in g  
a t t a c k  o f  d e f e c t iv e  l a y e r - p l a n e  s tack s  -  which c o n s t i t u t e  the  
non-uniform d e n s i t y  m a t r ix  -  to  leave  the  well  formed 
s t a c k s ,  which co n ta in  l e s s  f l u c t u a t i o n  o f  i n t e r l a y e r  spac ing .
The need f o r  a c t i v a t i o n s  over 60% again  emphasises the  ove r ­
r id i n g  e f f e c t  o f  o x id a n t  t r a n s p o r t  in to  the  s t r u c t u r e ,  be fo re  
s e l e c t i v e  o x id a t io n  o f  d e f e c t i v e  m a te r ia l  can occur .
8 .3 .8 .  Wide Angle X-ray D i f f r a c t i o n  
The r e s u l t s  o f  the  wide angle  (002) p r o f i l e  a n a ly s i s  i s  given 
in Figures  8.15 and 8.16 bu t  must be t r e a t e d  with  cau t io n .
i s  found to  decrease  s i g n i f i c a n t l y  over 20% B.O. which might
be a t t r i b u t e d  to  a r e d u c t io n  in  s i z e  of  l a y e r  s tacks  excep t
t h a t  one would expec t  t h e  l e s s  o rdered  s t ac k s  to  be
p r e f e r e n t i a l l y  removed, le av in g  the  r e l a t i v e l y  p e r f e c t  ones
( t h a t  d i f f r a c t  x - r ay s )  l e s s  a f f e c t e d .  This i s  the  p i c t u r e
given by SAXS i n c r e a s e s )  and would r e s u l t  in  an in crease
in the  s t a t i s t i c a l  value of  L .c
Casting f u r t h e r  doubt on th e se  r e s u l t s  i s  the  i n c re a se  o f  
i n t e r l a y e r  spacing with B.O.,  sugges t ing  l e s s  p e r f e c t  c r y s t a l l i t e s  
a re  remaining -  again  a t  v a r ian ce  with e x p ec t a t i o n .
The anomalies a re  b e l i e v ed  to  be exper imental  r a t h e r  than r ea l  
s ince  the  carbon p e l l e t s  become so porous a f t e r  about 20% B.O. 
t h a t ,  in  the r e f l e c t i o n  mode, the  x - r ay  beam p e n e t r a t e s  f u r t h e r
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in to  the  sample be fo re  be ing d i f f r a c t e d .  This would r e s u l t  
in a d e v ia t i o n  from the c o r r e c t  d i f f r a c t i o n  geometry v i z .  
d i f f r a c t i o n  no longe r  occurs  a t  the  c e n t r e  o f  the  goniometer 
c i r c l e .  Small d isp lacem en ts  (ca .  1 mm) of  a specimen from 
i t s  a x i a l  p o s i t i o n  shown the  r e s u l t  to  be a broadened peak with 
a small d isp lacem ent  to  lower angles  - ap p a r en t ly  confi rming 
the  above doub ts .  This a b e r r a t i o n  i s  o f  n e g l i g i b l e  e f f e c t  a t  
small ang les  bu t  c louds  any changes in  c r y s t a l l i t e  paramete rs  
a t  wide ang les  (which a r e  very s m a l l ) .
I t  i s  sugges ted  t h a t  f u r t h e r  work to  re so lv e  the q u e s t io n  o f  
the  e f f e c t s  o f  a c t i v a t i o n  on c r y s t a l l i t e  s t r u c t u r e  should  be 
c a r r i e d  ou t  in  t r a n s m is s io n  geometry.  I f  c o r r e c t io n s  f o r  
ab so rp t io n  e f f e c t s  a re  made (adv isab le  in  t h i s  case)  account  
should a l s o  be made f o r  the  e f f e c t  of p o r o s i ty  on the  
e f f e c t i v e  sample t h i c k n e s s .  Powder samples with an i n t e r n a l  
s tandard  would be a v i a b l e  a l t e r n a t i v e  s in ce  a b so rp t io n  
c o r r e c t i o n s  could  be made by th e  method of  Jones ,
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8.4  E lec t ro n  Microscopic Study o f  A c t iv a t io n
Samples o f  p a r t i a l l y  g a s i f i e d  c e l l u l o s e  t r i a c e t a t e  (C.T.A.) 
carbon were examined in  high r e s o l u t i o n  t r a n s m is s io n ,  and 
scann ing ,  e l e c t r o n  m icroscopes .  The samples f o r  TEM were 
ground and dus ted  onto the  m ic ro g r id s ,  t h e r e f o r e  any p a r t i c l e  
edges observed are  l i k e l y  to  be r e p r e s e n t a t i v e  o f  
the  in n e r  p a r t s  o f  the  carbon g ranu les  r a t h e r  than the o u t e r  
s u r f a c e .
Figure  8.17 shows a high r e s o l u t i o n  TEM o f  1230 K, 30% B.O.,
CTA carbon.  The s t r u c t u r e  i s  q u i t e  ty p i c a l  o f  many
a c t i v a t e d  carbons examined and shows no s ign  o f  b u r n t - o u t
l a y e r - p l a n e s .  This sugges t s  t h a t  these  pores a re  r e l a t i v e l y
u n a f fec ted  by g a s i f i c a t i o n  -  a t  t h i s  degree o f  a c t i v a t i o n .
U n fo r tu n a te ly ,  more h ig h ly  a c t i v a t e d  carbons were no t
examined bu t  f i g u r e 8.19 shows a l a t t i c e  f r i n g e  image from a
193,204
high ly  a c t i v a t e d  a n t h r a c i t e  char  which shows a very
open s t r u c t u r e  -  su g g es t in g  c o n s id e ra b le  b u rn -o u t  o f  i n d iv id u a l
l a y e r - p l a n e s .
I t  may be n o t i c e d  t h a t  f i g u r e s .  17 shows patches  o f  l i g h t
(A) and dark  (B).  These were no t  g e n e r a l ly  found in  u n a c t iv a te d
carbons and a re  i n d i c a t i v e  o f  c o n s id e ra b le  v a r i a t i o n s  o f
205sample th i c k n e s s  -  probably  due to  mesopores . The complete 
burn -ou t  o f  domains o f  s t r u c t u r e  i s  shown by the  S.E.M. o f  a 
1230 K, 46% B.O. CTA carbon ( f i g u r e  8 .18).  The pores seen in  
t h i s  micrograph equa te  with  macropores bu t  these  may have 
r e s u l t e d  from burn- th rough  o f  mesopores.
—153—
To conc lude ,  i t  seems l i k e l y  t h a t  la rg e  domains o f  s t r u c t u r e  
a re  removed in  th e  e a r l y  s tages  of  a c t i v a t i o n .  The remaining 
s t r u c t u r e  i s  u n a f f e c t e d  u n t i l  a s u f f i c i e n t l y  high mesopore 
volume i s  o b t a i n e d ,  which enables  a more in t im a te  a t t a c k  o f  
the  microporous  s t r u c t u r e .
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8.5  E f f e c t  o f  H e a t - t r e a tm e n t  to 1470 K on A c t iva ted  Carbons
Adsorption Study
8 .5 .1 .  R esu l t s
1170 K carbons  which had been a c t i v a t e d  were subsequen t ly  h e a t -  
t r e a t e d  to  1470 K f o r  10 mins and isotherms measured f o r  
COg a t  295 K.
Figure 8 .2  shows t h a t  h e a t - t r e a t m e n t  causes a r e d u c t io n  in
which i n c r e a s e s  in  magnitude up to 20 -  30% B.O. then
remains approx imate ly  c o n s t a n t ,  e va lues  a re  shown in ̂ max
f i g u r e  8 .3  . At low B.O. h e a t - t r e a tm e n t  causes  a decrease
in e , b u t  very l i t t l e  e f f e c t  i s  seen f o r  p r e - a c t i v a t i o n smax ^
of 30 -  40% B.O. At h ig h e r  B.O. the  h e a t - t r e a t m e n t
a p p a r e n t ly  causes  e to  i n c r e a s e .max
Discuss ion
8 .5 .2  The E f f e c t  o f  H e a t - t r e a tm e n t  on
The in c r e a s i n g  amount o f  pore c l o s u r e ,  upon h e a t - t r e a t m e n t ,  
seen a t  low B.O. may be due to  a number o f  e f f e c t s  : -
A, H e a t - t r e a tm e n t  may cause an in c re a se  in  pore volume by 
completing secondary  c a r b o n i s a t i o n ;  i t  can a l s o  r e s u l t  in  a 
c lo s in g  o f  p o re s .  There w i l l  be a c e r t a i n  amount o f  com pe t i t ion  
between th e se  two f a c t o r s  so t h a t  i f  a c t i v a t i o n  removes 
m a te r ia l  (which would be ex p e l l ed  on h e a t in g  to  cause  an 
in c re a se  in  pore volume) t h e r e  w i l l  be l e s s  compensation f o r  
the  pore volume l o s t  by pore c l o s u r e .
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B, I t  i s  p o s s i b l e  t h a t  o x id a t io n  o f  he te roe lem ents  removes 
r e s t r i c t i v e  ( s t e r i c a l l y  h in d e r in g )  m a te r i a l  from l a y e r -p la n e s  
and so a l low s  them to  c o l l a p s e  t o g e t h e r  more e a s i l y .
C, A c t i v a t i o n  could  be opening some c lo se d  p o re s ,  o r  c r e a t in g  
new narrow p o r e s ,  which become c lo se d  upon h e a t i n g  to  1470 K.
D, A c t i v a t i o n  could  p r e f e r e n t i a l l y  remove carbon from 
wide pores  -  which would not c lo se  on h e a t in g  t o  1470 K.
The remaining s t r u c t u r e  w i l l  have a h ig h e r  c o n c e n t r a t i o n  o f  
very narrow pores  -  which c lo se  upon h e a t - t r e a t m e n t ,  to  cause 
a g r e a t e r  l o s s  in v^.
As f a r  as a d s o r p t io n  i s  concerned i t  i s  no t  p o s s ib l e  to  
d i s t i n g u i s h  between the  above w i th o u t  r eco u rse  to  f u r t h e r  
work -  such as a c t i v a t i n g  a h e a t - t r e a t e d  s e r i e s ,  o r  us ing 
a h ig h e r  subsequent  HTT. The SAXS s tu d y ,  however,  sugges ts  D 
to  be th e  most l i k e l y  ( see  s e c t i o n  8 . 6 . 2 . )
At l a r g e r  degrees  o f  p r e - a c t i v a t i o n ,  the  most n o t i c e a b l e  
e f f e c t  i s  t h a t  the  amount o f  volume l o s t  on h e a t - t r e a t m e n t  
i s  v i r t u a l l y  c o n s t a n t  -  d e s p i t e  a c o n s id e r a b l e  in c r e a s e  in  the  t o t a l  
pore volume. This sugges t s  t h a t  the  pore e n t ra n ce s  
which c l o s e  a re  r e l a t i v e l y  u n a f f e c t e d  by g a s i f i c a t i o n  -  even
up to  ~50% B.O.,  where f i n e  micropores  a re  known to  be
opened o u t .  These pore e n t r a n c e s  must be very  narrow and well 
d isposed  t o  assuming a t u r b o s t r a t i c  sp ac in g ,  s i n c e  they 
c lose  upon the  mild hea t in g  to  1470 K.
Since th e  pore en t ran ces  which c lo s e  upon h e a t i n g  appear  to  be
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un a f fe c ted  by g a s i f i c a t i o n  one would n o t  e x p ec t  them to  be 
re-opened  by a c t i v a t i o n  a f t e r  the  h e a t - t r e a t m e n t .  The r e s u l t s  
o f  McEnaney and Dovaston^ su p p o r t  t h i s  view. They found 
t h a t  h e a t in g  an u n a c t iv a te d  c e l l u l o s e  t r i a c e t a t e  (CTA) carbon
from 1230 to  1475 K caused V to  d e c rea se  from 0.21 to  0.17o
-1 “ 1 
ml g , i . e .  a lo s s  o f  0.04 ml g . A c t i v a t i o n  o f  both 1230
and 1475 K carbons to  30% B.O. in c re a s e d  V to  0 .37  and 0.33o
ml g \  r e s p e c t i v e l y .  I t  would appear  t h a t  the  lo s s  in  
of  0.04 ml g \  due to  h e a t - t r e a t m e n t ,  was n o t  recovered ,  even 
a f t e r  a c t i v a t i o n  to  30% B.O. I t  seems l i k e l y  t h a t  the  e f f e c t  
o f  a c t i v a t i o n  was,  in  both c a s e s ,  t o  c r e a t e  mesopores.  A c t iv a t io n  
o f  a 1675 K CTA carbon, to  30%, was found to  in c r e a s e  from 
0.03 to  0 .10  ml g  ̂ which,  a g a in ,  s u g g e s t s  t h a t  the  volume l o s t  
by h e a t - t r e a t m e n t  i s  no t  recovered .  The a u th o r s  a l s o  found 
t h a t  the  pores  c r e a te d  by a c t i v a t i o n  tended  to  be l a r g e r  f o r  
h ig h e r  HTTs. I t  would seem t h a t ,  as m icropores  p r o g r e s s i v e l y  
c lo se  o f f ,  the  domains o f  s t r u c t u r e  which a r e  i n a c c e s s i b l e  to  
o x idan t  gas become l a r g e r .  A c t iv a t io n  i s  r e s t r i c t e d  to  
burning between, and on the  s u r f a c e  o f ,  t h e s e  domains, bu t  
no t  w i th in  them. As HTT i n c r e a s e s ,  f e w e r ,  and t h e r e f o r e  
l a r g e r ,  pores  w i l l  be c r e a t e d  f o r  a g iven  burn o f f .
8 . 5 . 3 .  The E f f e c t  o f  Subsequent H e a t - t r e a t m e n t  on e______________________ 2_________________ :__________ max
Figure  8 .3  shows t h a t  a t  low B.O. h e a t - t r e a t m e n t  causes a
decrease  in  e , which must be a r e s u l t  o f  th e  c lo su r e  of  smallmax
pores to  le ave  l a r g e r  ones .  At ~  30 -  40% B.O. e i s  ha rd lymax
a f f e c t e d  by the  h e a t - t r e a t m e n t  and i t  a p p ea rs  t h a t  a t  h igher
B.O. h e a t - t r e a t m e n t  may a c t u a l l y  cause e to  i n c r e a s e .  Tomax
unders tand  t h i s  we must remember t h a t  a t  30% B.O. much o f  the
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pore volume e x i s t s  in  l a r g e  p o re s ,  which a r e  ap p a r en t ly  u n a f fe c ted  
by h e a t - t r e a t m e n t .  The lo s s  o f  a f i x e d  volume of  small mic ro­
pores w i l l  have a much s m a l l e r  e f f e c t  in  th e se  carbons than  in 
carbons where the  pore volume i s  l e s s ,  and i s  s o l e l y  con ta ined  
in m ic ropores .  The a p p a ren t  in c r e a s e  in  f o r  h e a t - t r e a tm e n t  
of high B.O. carbons  must r e f l e c t  a genera l  narrowing o f  micro­
pores which have become widened by a c t i v a t i o n .  Being w ider ,  
they  may no t  a c t u a l l y  c lo se  o f f  bu t  s imply  narrow. Although 
shr inkage  was no t  looked f o r ,  some might  be expec ted  f o r  the se  
carbons .  The genera l  narrowing o f  a l l  p o r e s ,  with  s h r in k ag e ,  
i s  known to  occur  f o r  carbons  h e a t - t r e a t e d  up to  1300 K and 
the  above e f f e c t  may be s i m i l a r  to  t h i s ,  b u t  accen tua ted  by 
the  lo s s  o f  s t e r i c a l l y  h in d e r in g  l a y e r - p l a n e s  and he te roe lem ent  
m a te r i a l  (such as non-aromat ic  s id e  g ro u p in g s ) .
As p r e v io u s ly  mentioned, the  HTT o f  1470 K causes  a 
r e l a t i v e l y  mild  pore c lo s u r e  e f f e c t  and probably  only a f f e c t s  
micropores  which a r e  small  enough to  remain u n a f f e c t e d  by p re ­
a c t i v a t i o n .  I f  a HTT o f ,  s ay ,  1800 K were used ,  th e  c lo s in g  
o f  l a r g e r  pores would probably  r e s u l t .  Such a HT T might 
c lo se  many o f  the  pores c r e a t e d  by a c t i v a t i o n  so t h a t  p r e ­
a c t i v a t i o n ,  fo llowed by h e a t - t r e a t m e n t ,  would c r e a t e  more 
c lo sed  p o r o s i t y  than  with no p r e - a c t i v a t i o n .  This may be the  
ex p la n a t io n  f o r  the  r e s u l t s  o f  Kotlensky and Walker (see  s e c t io n  8 .1 ) .  
These a u th o rs  a l s o  used carbon b l a c k s ,  which a re  o f  very f i n e  
p a r t i c l e  s i z e  -  t h i s  may cause t h e  p o r o s i t y  to  have a 
h ig h e r  supermicropore  to  mesopore r a t i o ,  due to  the  e a s i e r  
access  f o r  o x id a n t  to  the  m ic ropores .
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8.6  SAXS Study of  the  e f f e c t  of H e a t - t r e a tm e n t  to  1470 K 
on Act iva ted  Carbons 
A c t iva ted  carbons (HTT 1170 K) were s u b seq u en t ly  heated  a t  
1470 K f o r  10 mins.  ( f u l l  d e t a i l s  a re  g iven  in  Appendices 
A(2) and A (4 ) ) .
8 . 6 . 1 .  R esu l t s
The c o r r e l a t i o n  d i s t a n c e s ,  a ,  as a fu n c t io n  o f  degree o f  p re ­
a c t i v a t i o n ,  a re  shown, t o g e t h e r  with th o se  f o r  u n - h e a t - t r e a t e d  
ca rb o n s ,  in  Figure  8 .9 .  P r e - a c t i v a t i o n  up to  10% has a 
c o n s t a n t  e f f e c t  on the  f i n a l  c o r r e l a t i o n  d i s t a n c e ,  even though 
th e  1170 K carbons show an i n c r e a s e .  From 10 -  30% B.O. 
an in c r e a s e  in  a i s  seen ,  which then l e v e l s  o f f .  The v a r i a t i o n  
o f  (F igure  8.13 ) i s  very  s i m i l a r  to  t h a t  o f  a ,  b u t  an 
ac tua l  c ro s so v e r  i s  found a t  high a c t i v a t i o n s .  The decrease  in  
b ^ ,  found on heat ing ,  f i g u r e  8.14» i s  seen to  in c r e a s e  with  
degree o f  p r e - a c t i v a t i o n .
8 . 6 . 2 .  D iscuss ion
From the  i s o c h r o n a l l y  hea ted  carbons ( s e c t i o n  7 .1 .1 . )  we can see 
t h a t  pore coarsening  i s  n o t  r e s t r i c t e d  to  the e l i m i n a t i o n  o f  
u l t r am ic ro p o r e s  but occurs  in  a l l  pore s i z e s .  Much o f  th e  
coa r sen in g  seen f o r  u n a c t i v a te d  carbons must invo lve  the  c o l l a p se  
t o g e t h e r  o f  widely spaced l a y e r - p l a n e s  to  c r e a t e  l a r g e r  pores .  
These same l a y e r - p l a n e s  w i l l  a l s o  tend to  be a c c e s s i b l e  to  o x idan t  
gas and so be e a s i l y  removed in  the  i n i t i a l  s t a g e s  o f  a c t i v a t i o n .  
The a p p a ren t  i n s e n s i t i v i t y  o f  a  and b^ to  h e a t - t r e a t m e n t ,  a f t e r  
p r e - a c t i v a t i o n  o f  l e s s  than  10% B.C . ,  must be due to  both  
h e a t - t r e a t m e n t  and a c t i v a t i o n  c r e a t i n g  s i m i l a r  pore space from
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the  space occupied by the  widely  spaced l a y e r - p l a n e s .
A p r e f e r e n t i a l  burn -ou t  of superm icropo res ,  up to  30%, i s  
a l s o  sugges ted  because (F igure  8.14) expe r iences  an 
i n c r e a s in g  l o s s ,  upon h e a t - t r e a t m e n t ,  w i th  a c t i v a t i o n .  
U l t ram icropores  a re  o f  small enough s i z e  as to  be c l a s s i f i e d  as 
d e n s i t y  f l u c t u a t i o n s  in  the  carbon m a t r ix ,  so w i l l  t h e r e f o r e  make 
a l a r g e  c o n t r i b u t i o n  to  the  b^ s c a t t e r i n g  component. A p r e f e r e n t i a l  
removal o f  supermicropores  w i l l  l eave  a m a t r ix  with  a h ighe r  
p ro p o r t io n  o f  u l t r am ic ro p o r e s .  The c l o s u r e ,  and l o s s ,  o f  these  
w i l l  t h e r e f o r e  cause a l a r g e r  r e d u c t io n  in  b^ f o r  a c t i v a t e d  than 
u n a c t i v a te d  carbons .
Beyond 30% B.O. the main e f f e c t  i s  a c r e a t i o n  o f  supermicropores 
by widening u l t r a m ic ro p o r e s .  I t  i s  p o s s i b l e  t h a t  th e  l a y e r -  
p lanes  which border  the se  pores a r e  r e l a t i v e l y  u n r e s t r a in e d  
due to  removal o f  s t e r i c a l l y  h in d e r in g  groups .  The supermicro­
p o re s ,  so c r e a t e d  by g a s i f i c a t i o n ,  a re  t h e r e f o r e  prone to  
c o l l a p s e  on h e a t - t r e a t m e n t ,  p o s s ib ly  caus ing  some o v e ra l l  
s h r in k a g e ,  o r  c r e a t i n g  la rg e  meso o r  macropores.  These very 
l a r g e  pores s c a t t e r  x - rays  a t  very low ang les  and t h e i r  
p roduc t ion  would n o t  be d e te c te d  by th e  SAXS ana lyses  used 
(which c o n c e n t r a t e  on high a n g l e s ) .  This would ex p la in  why 
b^ a p p a r e n t ly  decreases  and a l e v e l s  o f f .
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8 . 7 . 1 .  Summary o f  th e  E f f e c t s  o f
A c t iv a t io n  on S t r u c t u r e  
Low a c t i v a t i o n s  (up to  ~30% B.O.) seem to  be r e s t r i c t e d  to  
g a s i f i c a t i o n  o f  supermicropore  w a l l s  with  the  c r e a t i o n  o f  
mesopore channe ls .  The m a t r ix  which surrounds  th e se  pores 
appears to  have a h ig h e r  c o n c e n t r a t i o n  o f  u l t r am ic ro p o re s  - 
e i t h e r  by v i r t u e  o f  a h ig h e r  s t a b i l i t y  o r  lower a c c e s s i b i l i t y  
to  o x id a n t .  This view i s  demonstra ted  by both the  c o n ce n t r a t io n  
o f  d e n s i t y  f l u c t u a t i o n s  and pore c lo s u r e  i n c r e a s in g  up to  30% B.O
Higher a c t i v a t i o n s  in c re a s e  th e  a c c e s s i b i l i t y  o f  the  s t r u c t u r e  
and enab le  g a s i f i c a t i o n  to occur  on the  l a r g e r  s u r fa ce  area  o f  
u l t r am ic ropores .  In t h i s  reg ion  th e r e  i s  a s im ultaneous  widening 
of  u l t r am ic ro p o r e s  to  superm icropo res ,  and b u rn -o u t  o f  the  
supermicroporous s t r u c t u r e .  These two e f f e c t s  cause  th e  
c o n c e n t r a t io n  o f  u l t r am ic ro p o re s  to  h a rd ly  change -  as evidenced 
by the  c o n s t a n t  lo s s  o f  on h e a t - t r e a t i n g  and l e v e l i n g  o f  
bg.  The l a y e r - p l a n e s  a t  t h i s  a c t i v a t i o n  a r e  s u f f i c i e n t l y  
u n r e s t r a i n e d  and widely  s e p a r a t e d  (see  f i g u r e  8 .1 9 )  f o r  h e a t -  
t r e a tm e n t  to  cause them to  g e n e r a l l y  narrow and c o l l a p s e
t o g e t h e r .  This r e s u l t s  in  e i n c r e a s i n g  with  h e a t - t r e a t m e n tmax ^
w h i l s t  both th e  c o r r e l a t i o n  d i s t a n c e  and b^ leve l  o f f .  The 
o v e ra l l  sh r inkage  expected  f o r  t h i s  h e a t in g  may make some 
c o n t r i b u t i o n  to  the  lo s s  in  V^. No p roduc t ion  o f  narrow 
spacings  seems to  occur s in ce  b^ i s  no t  p a r t i c u l a r l y  a f f e c t e d  -  
i t  may be t h a t  the  approaching l a y e r - p l a n e s  a re  i n c o r r e c t l y  
o r i e n te d  to  form t u r b o s t r a t i c  c r y s t a l l i t e s .
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I t  appears  t h a t  s e l e c t i v e  s t r u c t u r a l  a t t a c k  o f  f a u l t y  l a y e r -  
plane s t a c k s  probably  only occurs  a f t e r  ~60% B.O. s ince  
t h i s  i s  when d e c r e a s e s .  However, s e l e c t i v e  s t r u c t u r a l  a t t a c k  
on widely  spaced, and perhaps s i n g l e  l a y e r - p l a n e s  occurs a t  
low B.O. s in ce  in c r e a s e s  and supermicropores  a re  removed.
The c r i t e r i o n  f o r  a t t a c k  appears  to  be a c c e s s i b i l i t y  r a t h e r  than 
d i s o r d e r .  To s t r e t c h  . a d e f i n i t i o n ,  i t  could  be argued t h a t  
the  widely s ep a ra te d  and d i s o r i e n t a t e d  l a y e r - p l a n e s  t h a t  
c o n s t i t u t e  supermicropore  w a l l s  a r e  more d i s o rd e re d  than  the  
c l o s e r  packed ones which c o n s t i t u t e  the  w a l l s  o f  u l t r a m ic ro p o r e s .
8 . 7 . 2 . Amorphous Carbon 
In s e c t io n  7.1.3  i t  was shown t h a t  the  b^ component could  
r e s u l t  from amorphous ca rbon ,  i n t e r  a lû x .  From the  arguments 
p re sen ted  in  t h i s  s e c t i o n  t h i s  seems r a t h e r  u n l i k e l y .  Not 
only  would such a phase need to  be ex tremely  i n a c c e s s i b l e  to  
r e s i s t  60% B.O. bu t  i t  would a l s o  need to  be c r e a t e d  by 
a c t i v a t i o n ,  up to  30% B.O. Both su g g es t io n s  seem u n tenab le .  
Whils t  t r u l y  amorphous carbon may n o t  e x i s t ,  d i s o rd e re d  or 
y a r a c r y s ta ll in e ^ ^ ^  carbon i s  p o s s i b l e ,  and indeed ,  to  be 
expected.  This carbon w i l l  e x i s t  a t  d e f e c t s  and reg ions  o f  
d i s t o r t i o n  w i th in  l a y e r - p l a n e s  ( i n c lu d in g  e dges ) .  The atoms 
are  s t i l l  bonded to  neighbours  bu t  a re  s u f f i c i e n t l y  d i s p la c e d  
from the  r e g u l a r  l a t t i c e  p o s i t i o n s  to  p rev en t  t h e i r  adding to  
the Bragg d i f f r a c t i o n  p a t t e r n .  This d i s t o r t e d  type o f  
l a t t i c e  has been sugges ted  as e x i s t i n g  to  HTT > 3000 
and, being i n t im a te ly  w i th in  the  l a y e r p l a n e s ,  would be d i f f i c u l t
to  remove by g a s i f i c a t i o n .  The e x i s t e n c e  o f  such carbon would
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suppor t  the  view o f  Ruland t h a t  the  b^  component i s  due 
to  f l u c t u a t i o n s  in  i n t e r l a y e r  s p a c in g s ,  s i n c e  th e se  would
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be caused by bends,  kinks  and d i s t o r t e d  a reas  in  g e n e ra l .
A c o n t r i b u t i o n  from d e f e c t s ,  n o tab ly  vacanc ies ,  a l so  cannot 
be d i s co u n ted .
-163 —
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Fig.8.7 Effect of Activation on 
X.R.D. Patterns
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A D SO R PTIO N
CHAPTER _9 
LOW PRESSURE ADSORPTION
9.1 Devia t ions  from D-R L i n e a r i t y
I t  can be seen from f i g u r e s  7 .10  & 7 .1 7 -7 .2 0  t h a t  n e a r ly  a l l  
D-R p l o t s  e x h i b i t  p o s i t i v e  d e v i a t i o n s  a t  low p r e s s u r e  (h igh e ) ,  
which appear  to  be l e a s t  pronounced f o r  carbons o f  HTT 1200 K.
I f  such d e v i a t i o n s  were due to  a d e p a r t u r e  from a Rayleigh d i s t r i b u t i o n  
o f  e with  V, then  from prev ious  a rgum ents ,  one would e x p ec t  a n e g a t iv e  
d e v i a t i o n  f o r  low and high HTT c a r b o n s ,  s i n c e  th e  mic ropores  f i l l i n g  
in  t h i s  reg ion  would e i t h e r  n o t  be f u l l y  deve loped ,  o r  have c lo se d  
o f f .  In f a c t ,  t h e  r e v e r s e  o f  what would be expec ted  i s  found.
A c l o s e r  i n s p e c t i o n  o f  th e  p l o t s  shows t h a t  th e  a d s o r p t i o n  a t  low 
p re s su re  i s  s i m i l a r  f o r  a V l carbons and t h a t  th e  d e v i a t i o n s  occu r  
a t  s i m i l a r  p o s i t i o n s  (degree  o f  f i l l i n g  e= 0 .02  'v 0 .03 )  b u t  a r e  more 
d i s c e r n a b l e  f o r  D-R p l o t s  w i th  s t e e p  g r a d i e n t s .  The a p p a r e n t l y  wide 
range o f  l i n e a r i t y  f o r  1200 K carbons i s  because  th e  D-R g r a d i e n t  i s  
a t  a minimum f o r  t h i s  HTT, and so b lends  i n  with  th e  s m a l l e r  g r a d i e n t  
o f  th e  low p r e s s u r e  r e g io n .  The same can be s a i d  f o r  a c t i v a t e d  
carbons  where the  o v e r a l l  c u r v a t u r e  o f  t h e  p l o t  a l s o  b lends  in  w i th  
the  d e v i a t i o n .  Because o f  i t s  u n i v e r s a l i t y  t h i s  p a r t i c u l a r  type  o f  
d e v i a t i o n  appears  to  be independen t  o f  mic ropore  s t r u c t u r e  .
A p o s s ib l e  e x p la n a t io n  i s  t h a t  th e  mechanism of  a d s o r p t i o n  d i f f e r s  from 
low to  high p r e s s u r e .  The a d s o r p t i o n  p ro c e ss  i m p l i c i t  i n  t h e  Dubinin 
theo ry  assumes t h a t  m ic ropores  a r e  empty u n t i l  a p a r t i c u l a r  v a lue  o f
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e i s  reached,  a t  which p o in t  the  pores p osse ss ing  t h a t  p o t e n t i a l  f i l l  
completely  with l i q u i d - l i k e  a d s o r b a t e .  In r e a l i t y ,  though, ad so rb a te  
molecules w i l l  be d i s t r i b u t e d  amongst the  whole ad so rp t io n  s p a c e -  a l b e i t  
concen t ra ted  in  the  s m a l l e s t  po re s .  At low p re s su re  t h e r e  may be no pores  
o f  p o t e n t i a l  s u f f i c i e n t  to compress the  ad so rb a te  to  l i q u i d ,  so t h a t  the  
adsorba te  p re s su re  w i l l  be somewhat l e s s  than  P^. At h ighe r  p r e s s u r e s  th e  
pores w i l l  be capable  o f  compressing ad so rb a te  to  and, as 0*̂ 1 , th e  empty 
adso rp t ion  volume w i l l  d e c r e a se ,  hence s e q u e n t i a l  f i l l i n g  o f  pores  
with  l i q u i d  w i l l  become the  predominant  mechanism.
I f  the  above argument i s  c o r r e c t ,  then the  a d so r p t io n  p o t e n t i a l  a t  low 
p re s su re s  w i l l  be g iven  by
c
ip = RT In  ^  9 . 1 .
g
where c i s  t h e  c o n c e n t r a t i o n  o f  adso rb a te  w i th in  the  a d so r p t io n
space and c i s  th e  gas phase c o n c e n t r a t i o n .
For an ideal  gas
C = P/RT 9 . 2
6
I f  i s  a f i x e d  volume, the  a b so r b a te  p re s su re  w i l l  be p r o p o r t io n a l  
to  the  amount adsorbed (Henry 's  law ) ,  hence
p = p e 9 . 3a o
^  = V  9 . 4
RT
—18 0  —
where e = v /v^  and i s  the  degree of  f i l l i n g .  Equation 9.1 
thus  becomes :
 ̂ = RT In G ^  = E + RT In 0 9.5
P
where e i s  the  Polanyi a d so r p t io n  p o t e n t i a l .
The value o f  w i l l  be l e s s  than ( the  t o t a l  ad so rp t io n  space) 
s ince  many of  the  l a r g e r  pores  have a n e g l i g i b l e  e f f e c t  on low 
p re s su re  a d s o r p t io n .  I t  w i l l  a l s o  be g r e a t e r  than the  volume o f  
pores which a re  f i r s t  to  f i l l  com ple te ly ,  as p a r t i a l  f i l l i n g  o f  
l a r g e r  pores i s  i n e v i t a b l e .
Figure 9.1 shows a D-R p l o t  f o r  a 1470 K carbon (HTt = 10 m in s . ,  
u n a c t i v a t e d ) ,  where the  low p re s su re  reg ion  has been p l o t t e d  
a g a i n s t  \p as de f ined  by Equat ion 9 .5 .  The va lue o f  has been 
taken as th e  volume f i l l e d  by th e  p o in t  o f  d e v ia t i o n .  The f i t  i s  
good u n t i l  the  very low p r e s su re  reg ion  i s  encounte red ,  where ove r ­
compensation o c c u r s .  The very low p re s su re  p o in t s  can ,  in  f a c t ,  
be brought i n t o  l i n e  i f  a s m a l l e r  value o f  i s  used to  c a l c u l a t e  
t h e i r  va lues  o f  0 . This may s u g g es t  t h a t  i s  not c o n s t a n t  as 
0 decreases  ( i . e .  Henry 's  law i s  no t  f u l l y  obeyed) bu t  t h a t  a s e r i e s  
o f  subvolumes a re  being f i l l e d .
An a l t e r n a t i v e  view of  low p re s su re  a d so r p t io n  i s  t h a t  l o c a l i s e d ,  
s p e c i f i c  s i t e ,  i n t e r a c t i o n  may be o c c u r r in g .  I t  was p re v io u s ly  
mentioned t h a t  p o s i t i v e  d e v i a t i o n s  from l i n e a r  D-R p lo t s  ( e . g .  Marsh and 
Rand type B d e v ia t i o n s )  could  be c o r r e c t e d  by use of the  Dubinin- 
Astakhov e q u a t i o n ,  where n < 2.  When n = 1 ( e .g .  f o r  type B s t r u c t u r e s  
-  equa t ion  4 .9  ) the  D-A eq u a t io n  i s  merely an o th e r  form o f  F r e u n d l i c h ' s
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equa t ion ,  s in ce
V = V exp ( -  k e )  = V exp j -  kRT I n  (P /P )[
= V (P /PO O
= C P^/^ -  F r e u n d l i c h 's  e q u a t io n
9 .6
n i s  a c o n s t a n t  dependent on tem pera tu re .
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I t  can f u r t h e r  be shown t h a t  F r e u n d l i c h ' s  equa t ion  i s  a sp e c ia l
case o f  Langmuir 's  e q u a t io n  where a d i s t r i b u t i o n  o f  s i t e s  e x i s t  such 
t h a t  the  h e a t  o f  a d s o r p t i o n  decreases  l o g a r i t h m i c a l l y  with s u r f a c e  
coverage.  I f  l o c a l i s e d  a d s o r p t io n  were t o  be occu r r ing  in  the  low 
p ressu re  reg ion ,  then  th e  d a ta  should  be l i n e a r i z e d  by a p p l i c a t i o n  
o f  the  D-A equ a t io n  with  n = 1 . Figure  9.2 shows the  da ta  from 
Figure 9.1 p l o t t e d  in  t h i s  form. The s l i g h t  c u rv a tu re  a t  h igh  p re s su re  
i s  to  be expec ted  as n should  be 2 f o r  t h i s  r eg ion .  The low p re s su re  
da ta  po in t s  a r e ,  however, l i n e a r i z e d  to  some e x t e n t .
I f  l o c a l i s e d  a d s o r p t io n  were to  be the predominant e f f e c t  a t  low
pressure  then the  d e f i n i t i o n  o f  e ,  used to  d e r iv e  e q u a t io n  9 . 5 , should
be changed from "degree  o f  f i l l i n g  o f  a volume o f  micropore  space"
to  " f r a c t i o n  o f  occupa t ion  o f  a given d i s t r i b u t i o n  o f  a d so r p t io n  s i t e s "
The f a i l u r e  o f  e q u a t i o n 95 to  l i n e a r i z e  low p re s su re  da ta  may then be
seen as due to  t h e  assumption o f  a homogeneous range of  s i t e s ,  whereas
con s id e rab le  h e t e r o g e n e i ty  e x i s t s  -  as impl ied  by the  v a r i a t i o n  o f
V with 0. The impor tance o f  l o c a l i s e d  a d s o r p t io n  a t  low p re s s u r e s
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has a l so  been s t r e s s e d  by Dovaston e t  a l  t o  e x p la in  p o s i t i v e  values  
f o r  the  d i f f e r e n t i a l  en t ro p y  o f  a d s o r p t i o n ,  a t  low p r e s s u r e s .  The 
s ep a ra t io n  o f  a d so r p t io n  i n t o  s p e c i f i c  s i t e  i n t e r a c t i o n  + micropore
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f i l l i n g  has been proposed as the  mechanism f o r  a d so r p t io n  on some 
210,211
z e o l i t e s  . In t h i s  case  a d so r p t io n  in  the  low f i l l i n g
reg ion  occurs  on a c t i v e  c e n t r e s  by e l e c t r o s t a t i c  i n t e r a c t i o n s .  Once
the a c t i v e  c e n t r e s  a re  b locked th e  f r e e  a d so r p t io n  space  i s  f i l l e d
by i n t e r a c t i o n  o f  d i s p e r s io n  f o r c e s .  Where fo rce s  o t h e r  than
d i s p e r s io n  e x i s t  the  Polanyi p o s t u l a t e s  may be expec ted  t o  f a i l .
The c h a r a c t e r i s t i c  curves  f o r  p o l a r  molecules  on carbons a r e  f r e q u e n t ly
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found to  be tem pera tu re  dependent which sugges ts  d ip o le - in d u c e d
d ipo le  i n t e r a c t i o n s .  That a d i f f e r e n t  a d so r p t io n  mechanism i s  p re s e n t  
fo r  ad so rp t io n  on p la n a r  s u r f a c e s  has been sugges ted  by Zu k a f  
s ince  h is  c h a r a c t e r i s t i c  curves  f o r  on g r a p h i t i z e d  (non-porous)
carbon b lacks  v a r i e d  with  te m p e ra tu re .  These deduct ions  must,  
however, be open to  d i s p u te  s i n c e ,  when the  d i f f e r e n t  a d so r p t io n  
temperatures  vary  markedly ,  one i s  no t  always su re  t h a t  the  d e n s i t y  
o f  the  adsorbed phase v a r i e s  as t h a t  f o r  the  bulk l i q u i d .  This 
i s  s p e c i a l l y  t r u e  i f  the  adsorbed phase resembles a two dimensional 
gas with d i f f e r e n t  p a r t i t i o n  f u n c t io n s  to  th e  l i q u i d .  In a d d i t i o n ,  
as one approaches the  l i q u i d  d e n s i t y  changes c o n s i d e r a b l y ,  which 
means t h a t  the  volwne adsorbed ,  be fo re  complete s a t u r a t i o n  o f  
adso rp t ion  fo r c e s  o c c u r s ,  a l s o  i n c r e a s e s .  This i s  due to  th e  
lower " sh i e ld in g "  e f f e c t  o f  a l e s s  dense a d so r b a te .  For example,  
the volume o f  an empty a d s o r p t io n  space encompassed by e = 0 i s  
g r e a t e r  than the  volume occupied  by adso rb a te  a t  P /P^ = 1 , 
because the  d i s p e r s i o n  fo rce s ,em an a t in g  from the  s o l i d , w i l l  be r e ­
duced by the  presence  o f  adsorbed  molecu les .  This e f f e c t  w i l l  be 
of  most importance f o r  non-porous s o l i d s  a t  tem pera tures  c lo se  to  
bu t  i s  o f  l e s s  impor tance f o r  microporous s o l i d s  where 
most o f  the  a d so r p t io n  space i s  con ta ined  w i th in  micropores -  which 
a l l  f i l l  comple te ly  a t  P /P^ = 1 .
— 18 3 —
9.2 Low P res su re  H y s t e r e s i s
Micropore f i l l i n g  i s  e s s e n t i a l l y  a r e v e r s i b l e  process  and should  
no t  e x h i b i t  any h y s t e r e s i s  on d e s o r p t io n .  When samples were 
evacuated from t h e i r  h i g h e s t  p re s su re  they would lo se  about 90% of
adso rba te  w i th in  10 minutes  and the  m a jo r i t y  of the  remainder
w i th in  'V/ 4 hours .  However, a small  amount,  corresponding  t o  about 
2% o f  v^ ,  remained even a f t e r  pumping a t  p re s su re s  below lO’ ^ Torr
f o r  3 days.  I f  the  sample was heated  t o  'v 470 K, the  r e s id u e
could  be removed w i th in  30 m inu tes .  I n t e r e s t i n g l y ,  the  amount r e t a i n e d  
was f r e q u e n t l y  found to  correspond  to  the  p o i n t  o f  d e v i a t i o n  of 
the  D-R p l o t  (see  f i g u r e 9 . 1 ) .
213—215Adsorption f r e q u e n t l y  r e s u l t s  in dimensional changes . I t
has been sugges ted  t h a t  t h i s  can r e s u l t  in  s u f f i c i e n t  s t r e s s  to
PI r  2 1 7 .
cause m ic r o f r a c tu r e  o r  e l a s t i c  deformation  , which may c lo se
218o f f  pores and so t r a p  molecu les .  Bai ley  e t  a l  c o n s id e r  the  
phenomenon as due to  a p e r t u r b a t i o n  of th e  a d s o r b e n t ' s  chemical 
p o t e n t i a l  which r e s u l t s  in  a s t r e s s - s t r a i n  type of h y s t e r e s i s .
At low p re s su re s  th e  i n t e r a c t i o n  between a d s o r b a t e  and a d s o r b e n t  w i l l  
predominate  s in ce  the  admolecules  a re  widely  spaced. Mutual (o r  
l a t e r a l )  i n t e r a c t i o n s  w i l l  only  become more im por tan t  a t  h ig h e r  
p r e s s u r e s .  One may t h e r e f o r e  propose t h a t  a t  low p re s su re  a d s o r p t io n  
w i l l  occur  a t  s p e c i f i c  high energy s i t e s ,  where a c o n s id e r a b l e  
r e l a x a t i o n  o f  the  s o l i d ' s  s u r f a c e  " ten s io n "  w i l l  occur .  Following 
the  arguments o f  B a i ley  e t  a l ,  such r e l a x a t i o n  w i l l  p e r tu r b  th e  
s u r fa ce  so as to  cause  a f u r t h e r  s t a b i l i s a t i o n  of  the  adm olecu le /  
s u r fa ce  complex. This process  i s  shown s c h e m a t ic a l ly  in  f i g u r e  9 .3  
and would e f f e c t i v e l y  t r a p  molecules  on the  s u r f a c e  s in c e  the
—184 —
p o t e n t i a l  energy  b a r r i e r  over which admolecules must p a s s , t o  be 
desorbed ,  i s  now much g r e a t e r .  Since the  a d so r p t io n  in  t h i s  
region in c r e a s e s  p r o g r e s s i v e l y  with  P/P^ t h e r e  must e x i s t  a range 
of  s i t e s  (o r  h o m o ta t t i c  a r e a s )  which p e r tu rb  a t  p r o g r e s s i v e ly  h ighe r  
c o n c e n t r a t io n s  o f  adsorbed molecules .  These s i t e s  may be r e l a t e d  to 
a reas  o f  s t r e s s ,  f rozen  in  from the c a r b o n iz a t io n  s t a g e .  Thermal 
annea l ing  w i l l  a l low  the  s t r u c t u r a l  p e r t u r b a t i o n  to  be r e l i e v e d ,  
as well as a f f o r d i n g  th e  e x t r a  k i n e t i c  energy necessa ry  f o r  
d e so r p t io n .
The l a rg e  amount o f  low p re s su re  h y s t e r e s i s  found by McEnaney 
f o r  c c i^  on 3000 K c e l l u l o s e  carbon sugges ts  t h i s  mechanism 
in p re fe re n ce  to  one o f  pores being opened and c lo sed  by s w e l l i n g ,  
s in ce  t h i s  system would be predominantly  o f  monolayer and m u l t i l a y e r  
a d s o r p t io n ,  the  c c i^  molecule g e n e r a l ly  being i n a c c e s s i b l e  to  
micropores .  The d i f f e r e n c e  in  amount r e t a i n e d  by 1170 and 3000 K 
carbons ( th e  l a t t e r  being l e s s )  may r e f l e c t  the  l e s s  s t r e s s e d  
s t r u c t u r e  a f t e r  h e a t - t r e a t m e n t  to 3000 K.








































' Fig.9.2 Use of FreundiTch type equation 
to linearize low pressure points. 
CO2/295 K, HTT=I470K, HTt *IO mins.
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General  D iscuss ion  on the  E f fe c t s  o f  
Heat-Treatment
The aim o f  t h i s  d i s c u s s io n  i s  to  draw to g e th e r  the  f in d in g s  
from the prev ious  s e c t i o n s ,  so as t o  unders tand  the  s t r u c t u r a l  
e v o lu t io n  o f  hard  carbons .
From c a r b o n i s a t i o n  tem pera tu res  to  ~1470 K the  p r in c ip a l  e f f e c t s  
are  due to  the  lo s s  o f  c o n s id e ra b le  amounts o f  hydrogen and oxygen 
This r e s u l t s  in  the  fo rm at ion  o f  condensed a rom at ic  l am e l lae* .  
Although bulk  sh r inkage  occurs  ( ~  30%), c o n s id e ra b le  voidage 
i s  c r e a t e d  w i th in  t h e  s t r u c t u r e  -  r e s u l t i n g  in  an in c re a s e d  
micropore volume. The s i m i l a r  i n c re a se  in  sugges t s  th e se  
pores a re  very s m a l l ,  probably  because they are  the  gaps 
between, and w i t h i n ,  small  a rom at ic  g roupings .  The e l e c t r o n  
d en s i ty  map o f  t h i s  carbon i s  one o f  very s h o r t  range o r d e r ,  
hence the  c o r r e l a t i o n  d i s t a n c e  i s  s h o r t .  The x - ray s  
s c a t t e r e d  a t  small  ang les  have a s t rong  component due to  
d e n s i ty  f l u c t u a t i o n s  w i th in  the  m a tr ix  ( i . e .  l a r g e  b ^ ) .  The
maximum in  e co rresponds  to  a maximum in which sugges t smax 2
the pores a re  l i t t l e  more than d e n s i t y  f l u c t u a t i o n s  w i th in  a 
d i so rd e red  m a t r ix .  In t h i s  c o n tex t  the  word "matr ix"  tends  to 
lose  i t s  meaning s i n c e ,  below 1270 K, no r e a l  d i s t i n c t i o n  can
* A d i s t i n c t i o n  i s  made between aromat ic  lam e l lae  and layer-  
planes so as to  emphasise the  l a t t e r ' s  l a r g e r  s i z e  and d i s ­
p o s i t io n  to  s t a c k in g  in  t u r b o s t r a t i c  a r r a y  (see  page 139 ),
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be drawn between a pore and i t s  su r rounding  medium -  as borne 
out by the  l a ck  of  " i d e a l " Porod s c a t t e r i n g  (b ^ ) .  This view agrees  
with  the  l a t t i c e  f r i n g e  images which show the  lam a l lae  to  be s h o r t  . 
with  no e x t e n s iv e  l a y e r - p l a n e  network.
As a romatic  l a m e l lae  a re  formed th e re  i s  a s im ul taneous  coa lescence  
to form crude l a y e r - p l a n e s .  This o rd e r in g  i s  seen to  in c r e a s e  
the  c o r r e l a t i o n  d i s t a n c e  by a process  o f  producing  reg ions  o f  
uniform e l e c t r o n  d e n s i t y  i . e .  l a r g e r  volumes o f  uniform m a tr ix  
and pore ,  hence b^ in c r e a s e s  as b^ d e c r e a se s .  Whils t  the  l a y e r -  
planes  o v e r l a p  in  c e r t a i n  r e g io n s ,  no change i s  found in the  
mean c r y s t a l l i t e  paramete rs  u n t i l  >1570 K - which c o in c id e s  
with  the  c e s s a t i o n  o f  hydrogen e v o lu t i o n .  Biscoe and Warren 
a l so  noted a la ck  o f  growth f o r  L^, be fo re  v i r t u a l l y  a l l  the  hydrogen 
had gone. They reasoned t h a t  hydrogen was c o n c e n t r a t e d  a t  lam e l lae  
edges so t h a t  i t s  removal was necessa ry  f o r  cont iguous  p lanes  to  
coa le sce .  A s i m i l a r  process  o f  coa lescence  was invoked by Berkowitz 
and Den Hertog^^^ to  e x p la in  the  low a c t i v a t i o n  energy  f o r  
hydrogen e v o l u t i o n  ( 2 - 4  kJ mol” ^ ) .  T h e i r  view was s l i g h t l y  
d i f f e r e n t  in  t h a t  th e  o rde r ing  process  was c o n t r o l l e d  by the  
m o b i l i ty  o f  lam e l lae ,  and hydrogen could  only  be evolved  as a 
r e s u l t  o f  a b im o le c u la r  r e a c t i o n  between two favourab ly  o r i e n t e d  
lam e l lae .  The s t r u c t u r a l  s i g n i f i c a n c e  o f  hydrogen was a l s o  impl ied  
by the hydrogen e v o lu t io n  s tu d y ,  (Chapter  6 ) ,  where th e  
carbon atoms, p r e v io u s ly  a t t a c h e d  to hydrogen, seem to  undergo 
re -a r rangem ent  upon hydrogen l o s s .  The l a s t  remaining hydrogen 
must be c o n c e n t r a te d  so as to  p reven t  o rd e r in g  o f  l a y e r s .  I t  
would seem, t h e r e f o r e ,  t h a t  up to  ~  1570 K, format ion  and o rd e r in g  
w i th in  l a y e r - p l a n e s  a re  the  p r in c ip a l  e f f e c t s  and t h a t  the  d i s -
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order  i s  s t a b i l i s e d  by hydrogen. The commonly found c o r r e l a t i o n
44 219 220between l a r g e  i n t e r l a y e r  spac ings  and small  c r y s t a l l i t e  s i z e s  * *
(L^ and L^) must r e f l e c t  the  d i f f i c u l t y  o f  s t a c k in g  when l a y e r -  
p lanes  a re  s m a l l ,  d e f e c t i v e ,  and possess ing  c o n s id e rab le  
hydrogen.
For HTT >1570 K the  e v o lu t io n  of r e s id u a l  hydrogen causes
an in c re a s e d  r a t e  of  l a y e r  s t a c k in g  with  a consequent  in c r e a s e
in and dec rea se  in  These changes must r e s u l t  in  the
c o l l a p se  t o g e t h e r  o f  p a r a l l e l  l a y e r - p l a n e s .  In th e  same HTT
region  th e  c lo s u r e  o f  micropores o c cu r s ,  so i t  may be proposed
t h a t  much o f  th e  access  t o  the  micropore  s t r u c t u r e  i s  Dia
the  spaces  between p a r a l l e l  l a y e r - p l a n e s  v i z .  u l t r a m ic r o p o r e s .
Such a view i s  c o n s i s t e n t  with  the  p r e f e r r e d  s o r p t i o n  o f  f l a t  
95-98
molecules . I t  has been dem ons t ra ted ,  by c o r r e l a t i n g
86 , 201
XRD with  d i r e c t  o b se rv a t io n  o f  l a t t i c e  f r i n g e  images ,
t h a t  the  value  i s  only  the  mean o f  a d i s t r i b u t i o n  o f  i n t e r ­
l a y e r  s p a c in g s ,  which i s  h e a v i ly  b ia sed  towards th e  s m a l l e r  
values  ( i . e .  w i th in  c r y s t a l l i t e s ) .  The r e d u c t io n  in  d^^g, 
a f t e r  1570 K, t h e r e f o r e  s i g n i f i e s  a r e d u c t io n  in  spac ing  f o r  
many p a r a l l e l  r e g i o n s ,  which were s u f f i c i e n t l y  wide to  
allow passage  o f  ad so rb a te  molecules  ( a l b e i t  by a c t i v a t e d  
d i f f u s i o n ) .  The general  c lo s in g  t o g e t h e r  o f  p a r a l l e l  l a y e r -  
planes w i l l  cause  many to  assume a t u r b o s t r a t i c  spac ing  and so 
become c lo se d  to  adso rb a te  molecules .  Such pore c lo su r e  i s  
i r r e v e r s i b l e ,  even i f  occu r r ing  a t  low HTT, and canno t  be rev e rsed  
by a c t i v a t i o n  ( i n  c o n t r a s t  to  o t h e r  workers'  views ^ ) .
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The c r i t e r i o n  f o r  c o l l a p s e  of  l a y e r - p l a n e s  i s  t h a t  they a re  
p a r a l l e l ,  but as the  angle  between p lanes  i n c r e a s e ,  so the  
energy r e q u i r e d  to  s t a c k  them w i l l  i n c r e a s e .  For a c u t e ly  curved 
planes  the  energy may be p r o h i b i t i v e l y  l a rg e  so t h a t  pores  
enclosed by th e se  w i l l  be r e t a i n e d .  Although f i g u r e 7.9 shows 
o r i e n t a t e d  l a y e r - p l a n e s ,  one may v i s u a l i s e  t h a t  f o r  an i s o t r o p i c  
s t r u c t u r e ,  the  c o l l a p s e  o f  p a r a l l e l  reg ions  (u) w i l l  not cause 
sh r in k ag e , so  much as an i n c r e a s e  in  volume f o r  the  m isa l igned  
reg ions  ( s ) .
The decrease  in  e dur ing  pore c lo su r e  must be due to  a com- max  ̂ r
b in a t io n  o f  the  lo s s  of  f i n e  micropores  (u) and an in c re a se  in  
s i z e  of l a r g e r  ones ( s ) .  The lo s s  o f  f i n e  pores would be 
expected to  reach comple tion by ~1800 K b u t  the  c o r r e l a t i o n  
d i s t a n c e  i s  i n c r e a s in g  more r a p i d l y  a t  t h i s  tem pera ture  and 
c o n t in u e s ,  even to  2500 K. The pores in  th e se  carbons are  
predominant ly  bounded by s t a c k s  o f  l a y e r - p l a n e s  and so i n c r e a s e s  
in a must be due l e s s  to  an n ea l in g  o f  s h o r t  range d e fe c t s  and 
more to  an i n c r e a s in g  o r d e r  o f  s t a c k in g .  F u r th e r  evidence  
comes from the  s i m i l a r i t y  in  growth o f  and a -  both a c c e l e r a t e  
on c e s s a t io n  o f  hydrogen e v o l u t i o n  and have a s i m i l a r  t r e n d  
beyond 1800 K. Both pore^^^ and c r y s t a l l i t e  s izes^^^ a r e  known 
to  i n c re a se  up to  3000 K so i t  i s  p l a u s i b l e  t h a t  th e  pore coar sen ing  
e f f e c t  seen in t h i s  t em pera tu re  range i s  r e l a t e d  to  a packing 
to g e th e r  o f  l a y e r - p l a n e s  which d e v ia t e  c o n s id e ra b ly  from p a r a l l e l i s m .  
L a t t i c e  f r i n g e  images o f  PVDC carbons^^ in  t h i s  HTT range show 
t h a t  co n s id e ra b le  growth in  l a y e r - p l a n e  l e n g t h ,  s t a c k in g  and 
l i n e a r i t y  occu r s .  The two s t r u c t u r a l  models d e r ived  by these  
au thors  f o r  carbons o f  HTT 2223 and 2973 K a re  shown in
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Figure  10.1 , and show how the  in c r e a s e  in  pore s i z e  must
involve c o n s id e ra b le  re -a r ran g em en t  o f  whole l a y e r - p l a n e s .
The mechanism o f  th e se  changes might lo o s e ly  be termed " g r a p h i t i z a t i o n "
Such a process  would invo lve  m ig ra t io n  o f  r e s id u a l  v a ca n c ie s ,  o r
even atomic d i f f u s i o n ,  and may well  be the  cause o f  s t r u c t u r a l
p e r f e c t io n  w i t h i n  l a y e r s .  However, th e se  p rocesses  would n o t
cause the  a p p a ren t  movement o f  whole l a y e r - p l a n e s  to  form
l a r g e r  s t a c k s .  An a t t r a c t i v e  p o s s i b i l i t y  f o r  t h i s  i s  l o c a l i s e d
f r a c t u r e  o f  c o n s t r i c t e d  l a y e r - p l a n e s  due to  t h e i r  s t ro n g  a n i s o t r o p i c
thermal expans ion .  Such f r a c t u r e  would a f f o r d  more m o b i l i t y  to
planes  -  a l lowing  s t r e s s  c o n c e n t r a t i o n s ,  kinks  and bends to
become annealed o u t .  The t a n g le d  s t r u c t u r e  would s t i l l  p r e v e n t
a complete t h r e e  dimensional o r d e r in g .  This e f f e c t  may be
l ikened  to  Mrozowski c rack ing  in  g r a p h i t e s  bu t  whereas Mrozowski
cracks  a re  a l i g n e d  due to  the  a n i s o t r o p i c  n a tu re  of  g r a p h i t e ,  the
e q u iv a l e n t  f r a c t u r e  in  i s o t r o p i c  carbon w i l l  only  occur a t
p a r t i c u l a r l y  r e s t r i c t e d  ( " k n o t t e d " )  r eg ions  -  hence the  r e s u l t a n t
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a id  to  s t r u c t u r a l  p e r f e c t i o n .  C a l c u la t io n s  have shown t h a t  
s u f f i c i e n t  s t r e s s  i s  a v a i l a b l e ,  from t h i s  e f f e c t ,  to  cause  f r a c t u r e  
with G r i f f i t h  crack  l e n g th s  o f  ~ 1 . 0  nm i . e .  o f  the  o rd e r  o f  
e x t e n t  o f  the  m ic ropores .  Loca l i s ed  re -a r rangem en t  caused by 
l o c a l i s e d  s t r e s s  may be analogous  to  the  l a r g e r  s c a l e  g r a p h i t i ­
z a t i o n  which occurs  a t  p o in t s  o f  c o n t a c t  between p a r t i c l e s  o f
222hard carbon ,  when s u b je c te d  to h e a t - t r e a t m e n t  under p re s su re
Sugges t ions  f o r  F u r th e r  Work 
Since pore c lo s u r e  seems to  be a m i c r o s t r u c t u r a l  e f f e c t , c a u s e d  
by a s t a c k in g  o f  l a y e r  p lanes ,  t h e r e  should  be no e f f e c t  o f  h e a t -  
t r e a tm en t  on mesopores -  as appears  t o  be the  case .  I t  would be 
of i n t e r e s t  to  i n v e s t i g a t e  th e  means whereby small mesopores could
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be in t roduced  i n to  a carbon -  which were small  enough to  
e x h i b i t  a high a dso rb ing  a rea  bu t  l a rg e  enough to  be f r e e  
from l a y e r - p l a n e  o rd e r in g  e f f e c t s .  Such work might invo lve  
h e a t - t r e a t i n g  an a c t i v a t e d  s e r i e s  to  d i f f e r e n t  tem pera tu res  
to  f ind  the  r e l a t i o n s h i p  between HTT and s i z e  o f  pore which 
c lo se s .  I t  would a l s o  be advantageous to  examine the  e f f e c t  
of a c t i v a t i n g  carbons o f  low c a r b o n i s a t i o n  temperature  -  o r  even 
a c t i v a t i n g  dur ing  c a r b o n i s a t i o n ,  in  an a t t em p t  to  produce the  
s m a l l e s t  p o s s i b l e  p o re s ,  p r i o r  to  h e a t - t r e a t m e n t .
The high tem pera tu re  t r a n s f o rm a t io n s  a re  a l s o  o f  c o n s id e ra b le  
i n t e r e s t  and remain open to  s p e c u l a t i o n .  A SAXS a n a l y s i s  o f  
carbons hea ted  to  ~3000  K ( i s o c h r o n a l l y  and i so th e rm a l ly )  
would be u se fu l  -  e s p e c i a l l y  to  see  what c o n t r i b u t i o n  to  
pore growth i s  ach ieved  by th e  annea l ing  o f  e l e c t r o n  d e n s i t y  
f l u c t u a t i o n s .  The p o t e n t i a l i t i e s  of  HREM in  t h i s  type o f  
s tudy cannot be over-emphasised e s p e c i a l l y  when used q u a n t i t a t i v e l y  
with gold evapo ra ted  onto th e  su p p o r t  f i lm  as a l a t t i c e  
s tanda rd .  The a p p l i c a t i o n  o f  HREM to s tu dy ing  the  mechanism of  
s t r e s s  g r a p h i t i z a t i o n  o f  hard  carbons might a l s o  be a rewarding 
f i e l d .
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HTT 2 2 2 3  K
HTT 2 9 7 3  K
Fig. lO.I Structural Evolution
of PVDC from 2 2 2 3  K to 2 9 7 3  K, 
from Ban et al (ref. 8 6 )
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A P P E N D IC E S
APPENDIX A
P r ép a ra t io n  o f  Carbons
"The d a i n t i e s t  o f  d i s t in g u is h e d  l e a r n e r s ,
H is fa c e  i s  l i k e  a  c h a rc o a l b u r n e r ’s 
From nose  t o  e a r s  a l l  b la c k  and d eadened ;
H is ey es  from  b lo v in g  flam es a re  red d en e d "
Faust (Goethe) 6677- 668O
A(l)
Cel lu lose  powder (Whatman's Chromedia 11, 98% a form) was compressed 
in a I inch d iam eter  d ie  under 500 MPa p re s su re  f o r  one m inu te ,  t o  
form p e l l e t s .  The e f f e c t  of  p e l l e t i n g  i s  supposed to  be o f  secondary 
importance in the  c a r b o n i s a t i o n  reac t ions?^^ .
The p e l l e t s  were ca rbon ised  by hea t in g  in a tube furnace under 
flowing n i t r o g e n  (A ir  P ro d u c ts ,  high p u r i t y )  which had passed  
through 3 A m olecu la r  s i e v e s .  The tempera ture  was in c re a s e d  a t  a 
l i n e a r  r a t e  o f  3.5 K min  ̂ u n t i l  1173 K -  a t  which p o in t  a r e l a y  
swi tched o f f  power and al lowed the  sample t o  cool n a t u r a l l y ,  w h i l s t  
s t i l l  under n i t r o g e n .  The h e a t in g  r a t e  was c o n t r o l l e d  by a Eurotherm 
121 l i n e a r  tem pera ture  programmer l inked  t o  a Eurotherm tem pera tu re  
c o n t r o l l e r .
The r e s u l t a n t  carbon y i e l d  as 21 .3  + 0.5%. The p e l l e t s  shrunk by 
~35% p a r a l l e l  to  the  ax i s  o f  compression and ^30% p e r p e n d ic u la r  
to  the  compression a x i s .  The appara tus  i s  shown in f i g u r e  
A ( l ) ,  page 199.
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A(2) A c t iv a t io n  of  Carbon
The a c t i v a t i o n  fu rnace  [ t o  the  l e f t  o f  photograph} was a v e r t i c a l  tube  
furnace with  gas i n l e t  a t  i t s  base .  Samples ( in  the  form of  whole 
p e l l e t s ) w e re  he ld  in a n icke l  f o i l  tube which had a base made o f
th ree  c rossed  w i r e s .  This al lowed ox idan t  gas to  pass up the  h o ld e r  and
so avoid s t a g n a t i o n .  The tube was suspended i n t o  the fu rnace  t o  be
level with a thermocouple - t h i s  showing no temperature  d i f f e r e n c e  from 
a thermocouple w i th in  the  sample ho ld e r .  The fu rnace  was hea ted  by the 
same c o n t r o l l e r  as the  c a r b o n i s a t io n  fu rn ac e .
The a c t i v a t i o n  procedure  was to  h e a t  the  fu rnace  to  o p e ra t in g  tempera­
tu r e  (u s u a l ly  1170 K bu t  some low a c t i v a t i o n s  were done a t  1120 K) and 
thoroughly  f l u s h  through with  COg. The samples were then q u ick ly  
lowered i n t o  the  fu rnace  and a s p l i t  p l a t e  r e p la ce d  around the  s u s ­
pension w i re .  A f t e r  a s u i t a b l e  t ime the  gas was swi tched ove r  t o  n i t ro g en  
and the power swi tched  o f f .  To enab le  r a p id  coo l ing  the sample tube 
was r a i s e d  t o  th e  top o f  the  fu rnace  -  which was c o o le r .  A f t e r  a 
few minutes the  samples could  be removed, bu t  t h i s  was done with  a 
stream of  n i t r o g e n  d i r e c t e d  a t  them. When cool to  t o u c h , th e  samples 
were t r a n s f e r r e d  t o  a g la s s  ph ia l  and q u ick ly  weighed. The a c t i v a t i o n  
ra te  a t  1170 K was about 7% f o r  the  f i r s t  hour, reducing  t o  about 
5% per  hour a t  h i g h e r  b u r n - o f f s .
A(3) H e a t - t r e a tm e n t
The h e a t - t r e a t m e n t  appara tus  i s  shown in f i g u r e s  6.1 and 6 .2 .  . I t
c o n s i s ted  o f  a g r a p h i t e  s u s c e p to r  he ld  v e r t i c a l l y  i n s i d e  a w a te r  cooled 
pyrex tube .  Sample(s) were p laced  in s id e  the  s u s c e p to r  and h e a ted  by 
a Radyne C240B R.F. g e n e r a to r .  Temperatures were measured by
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viewing the  top . s u r f a c e  of  the  sample wi th  a F o s t e r  Cambridge o p t i c a l  
pyrometer.  The pyrometer was c a l i b r a t e d  by s i g h t i n g  a thermocouple 
placed in a high tem pera ture  r e s i s t a n c e  fu rn ace .  C o r re c t io n s  were made 
to  the high tem pera tu re  s ca le ,w h ich  was found to  o v e re s t im a te  by 
100 - 200 K. Temperatures were e s t im a ted  as a c c u ra te  t o  +5K up to  1720 K 
and + 20 K f o r  h i g h e r  t em pera tu res .  No problems were encoun te red  with  
R.F. d i scha rges  when o p e ra t in g  a t  a tmospheric  p r e s s u r e .
P r i o r  to  h e a t - t r e a t m e n t  a l l  specimens were evacua ted  to  ~ 0 . 0 1  Torr 
to  remove occluded a i r .  This i s  im por tan t  s in ce  f l u s h i n g  w i th  
i n e r t  gas may no t  remove a i r  w i th in  pores and t h i s  can le a d  to  
p a r t i a l  a c t i v a t i o n  on h e a t i n g .  The hea t  t r e a tm e n t s  were c a r r i e d  out 
under flowing argon which had been d r ied  by passage through s i l i c a  
gel and m o lecu la r  s i e v e s .  The whole gas l i n e  was evacua ted  p r i o r  t o  
use.
A(4) Isochronal  Heat -Treatments
The hea t ing  schedule  f o r  i soch rona l  t r e a tm en ts  was t o  r a i s e  the  
tempera ture  g ra d u a l ly  over 5 m in s . ,  hold a t  tem pera tu re  f o r  10 m in s . ,  
then reduce power over 5 mins.  The samples then cooled under argon.
A(5) Iso thermal  Heat-Treatments
Isothermal h e a t - t r e a t m e n t s  r e q u i r e d  f a s t  h e a t in g  r a t e s  thus  a "dummy" 
p e l l e t  was used to  o b ta in  the  c o r r e c t  power s e t t i n g  f o r  the  p a r t i c u l a r  
tem pera tu re ,and  t h i s  s e t t i n g  was r e t a i n e d  w h i l s t  the  R.F. power was 
swi tched o f f  ( the  g e n e r a t o r  remained on s tan d b y ) .  The i so therm al  
sample was then hea ted  by swi tch ing  on the  R.F. power a t  t h a t  
s e t t i n g  and s t a r t i n g  a stopwatch when the  r e q u i r e d  tem pera tu re  was
- 1 9 7 -
reached ( t h i s  was rep ro d u c ib le  and f r ee  from "ove rshoo t" ) .  A f t e r  the  
a l l o t t e d  t ime the  R.F. power was swi tched o f f .  This r e s u l t e d  in 
tem pera tu res  being reached w i th in  2 - 3  mins - i r r e s p e c t i v e  o f  f i n a l
_ T
temperature  -  and i n i t i a l  coo ling r a t e s  of  about 1000 K min” , 
reducing e x p o n e n t i a l l y .
- 1 9 8 -
Fig. Al Carbonisation (a ) & Activation (B) 
furnaces. -1 9 9 -
APPENDIX B
%-Ray Correc t ion  Fac tors  f o r  Carbon/CuKa
y = 
(A




i n  2 )
^ /
1 + Co s 2 2 0
20° y X X 10^ 26° y X X 10^
9 0 .40 0.094 23 1.40 0.968
10 0.47 0.118 24 1.47 1.097
n 0.53 0.146 25 1.54 1.244
12 0.59 0.178 26 1.61 1.40
13 0.65 0.215 27 1.67 1.59
14 0.72 0.256 28 1.73 1.77
15 0.78 0.303 29 1.78 1.99
16 0.85 0.357 30 1.84 2.23
17 0.92 0.419 31 1.87 2 .4 8
18 1.00 0.483 32 1.93 2.79
19 1.08 0.563 33 1.97 3.11
20 1.16 0.645 34 2.02 3.46
21 1.24 0.746 35 2.05 3.85
22 1.32 0.851 36 2.09 4.29
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APPENDIX C 





The g r a d i e n t s  o f  the  two D-R p lo t s  a re  given by
In  y -  InV.
In y  -  InVf
s u b t r a c t i n g .
InVg -  “ 2
X  =
In  Vg -  In
” 1  ' “ 2
then In  y = ln V ^  + xm^
(or In y  = + xm^)
- 2 0 1 -
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